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INTRODUCTION 
Although the photodegradation of riboflavin has caught the 
interest of many researchers for over thirty-five years, the 
structure of some of the photoproducts and the mechanism of 
their production have still to be fully clarified. 
The author has attempted to make his small contribution 
to the problem by characterizing two of the photoproducts not 
previously studied in detail. As so often happens in science, 
a fortuitous choice was made, for the particular photoproducts 
selected to be studied could be easily modified chemically to 
regenerate riboflavin, and at the same time incorporate a 
marker atom into a specific site on the flavin molecule. 
Photolysis of the regenerated riboflavin and the examination 
of the photoproducts for the presence of the marker atom en­
abled some conclusions to be reached concerning the mechanism 
of photodegradation. 
Elucidation of the photochemical reactions of riboflavin 
will pave the way for studies into the possible role of flavins 
in phototropism of plants, in photodynamic action and in other 
biophotochemical processes. 
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BACKGROUND LITERATURE AND PROBLEMS 
As shall be described in the following pages, the ex­
haustive photodegradation of riboflavin proceeds through the 
initial photodegradation of riboflavin to produce photoproducts 
which are eventually photolyzed. In the interval between the 
initial and secondary photoreactions, a number of dark re­
actions are possible which could alter both the direction and 
rate of photolysis. 
It becomes necessary then to understand the chemistry of 
both the ground state and excited states of flavins. Within 
limits, the literature presented here was selected to illus­
trate both our knowledge and ignorance of flavin chemistry and 
photochemistry. 
Chemical and Spectral Properties of Flavins 
Chemical formulation 
Riboflavin, 7,8-dimethyl-lO-(1'-D-ribityl)isoalloxazine, 
is the parent compound of a number of naturally occurring 
flavins. The tentative rule (1) for numbering the isoalloxa­
zine ring system is illustrated in Figure 1, along with the 
structure of some flavins to be discussed below. 
Lumichrome, to which frequent reference will be made, is 
an alloxazine derivative. 
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Name 
Isoalloxazine Nucleus 
Abbreviation R, & R. R. 
Riboflavin 
Lumiflavin 
Hydroxyethy1f1avin 
RF 
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-CH. 
-CH. 
-CH. 
H H H H 9 
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H 
Figure 1. The structure of some selected flavins 
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Oxidation states and ionic species 
Riboflavin can exist in three different oxidation states : 
fully oxidized (guinone), fully reduced (hydroquinone), and 
half reduced (semiquinone), and each oxidation state exists 
in a minimum of three ionic forms. These forms are summarized 
in Figure 2. References to the early work determining the pK 
values cited in Figure 2 and the structures of each ionic 
species can be found in several review articles (2, 3 ,  4). 
* * 0 Recent evidence (5) has suggested the pK of RFH^ t RFH to be 
0 8,5. The structure of also recently received sup­
port from X-ray crystallography (6). 
Suelter and Metzler (7) have shown formylmethylflavin to 
have a pK of 3.5 which is much higher than the value 0.12 that 
they obtained for riboflavin. This high pK is probably the 
result of interaction of the side chain and ring system as 
follows : 
w 
o I 
I 
ÇH, HX CH 
Figure 2. Oxidation states and ionic species 
of riboflavin 
ox = oxidized 
red = reduced 
R = ribityl sidechain 
N-H < 
R F H ^  
pk-2 
pk < 0 
RFoxH 
© 
R H 
NyM^O 
Fredas 
pk-10 
pk=8.5 
pk«6.2 
RFH' 
P © 
RFredHf 
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This assigned structure is supported by nuclear magnetic 
resonance (NMR) studies (8). Formymethylflavin in acidic media 
has the formyl proton peak located at 6.50 ppm instead of the 
normal 10 ppm. Such a shift might be expected upon protonation 
and cyclization. 
As indicated in Figure 2 and discussed below, N-1 is more 
basic than N-5 in the oxidized and semiquinone forms, and N-3 
is the most basic nitrogen of oxidized anionic riboflavin. 
Semiquinone dimerization and disproportionation 
The semiquinone is capable of undergoing a number of 
reactions. At high concentrations, the semiquinone can complex 
according to the equation: 
RFH^ + RPH^ t [RFH3 - RFH] 
Gibson, Massey and Atherton (9) have suggested that this com­
plex is of the charge-transfer type rather than a dimer. The 
complex is believed to be responsible for absorption at wave­
lengths greater than 800 nm. The actual absorption depends on 
pH as does the concentration of the complex (10). At pH 4.5 
little complexing can be detected, at pH 6.9 complexing is 
-4 
noticeable at"'concentrations greater than 10 M riboflavin, 
-5 -5 
and at pH 8 complexing begins between 8 X 10 M and 12 X 10 M 
riboflavin. 
The semiquinone complex can also disproportionate 
according to the below equation= The rate constants indicated 
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were measured for flavin mononucleotide (FMN) by temperature 
jump relaxation (11). 
ki kg 
2 FMNHg t ^ FMNH-FMNH^ ; ^ FMNH + FMNH^ 
k_l k_2 
= 4 X 10^ M~^sec~^ kg = 2 X 10^ sec~^ 
k_^ = 8 X 10~^sec~^ k_2 = 4 X 10® M"^sec"^ 
Related studies have been made using flash photolysis (12) and 
stopped flow (13). 
Stereochemis try 
X-ray structures of the cations of oxidized riboflavin 
(6, 14), oxidized derivatives (15, 16, 17) and of the reduced 
isoalloxazine derivatives (18, 19 ^ 20) indicate the following 
general features; 
1) The ribityl sidechain is not cyclic as in nucleotides, but 
in the crystalline form assumes a straight chain configuration. 
In solution there may be some interaction of the ribityl side-
chain with the ring system. Ehrenberg, Eriksson and Millier 
(21) suggested from their electron spin resonance (ESR) studies 
that only one of the 1' protons of the ribityl sidechain was 
hyperfine-structure-active whereas all three 1' protons on 
lumiflavin where equivalent- The authors suggested that this 
might be explained.by assuming the ribityl sidechain to take 
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on a more rigid structure, perhaps by hydrogen bonding of one 
of the hydroxyIs to the ring system. 
Tollin (22) has interpreted his circular dichroism (CD) 
studies to indicate that the conformation of riboflavin is 
considerably different in water (pH 5), phosphate buffer (pH 7), 
and methanol. The CD spectrum of riboflavin in tris buffer 
(pH 8) and water (pH 5) were similar but not identical. Tollin 
suggests these differences in CD reflect differences in the 
ribityl sidechain-ring interaction although no further specula­
tion was made as to the nature of this interaction. 
2) The oxidized isoalloxazine ring system is almost planar. 
3) The reduced ring system is bent along an axis through N-10 
and N-5, with a dihedral angle of 35.5°. The bond angles 
around N-10 and N-5 suggest that these nitrogens have neither 
3 2 pure sp nor sp hybridized orbitals. 
Theoretic calculations (23) have suggested that the semi-
quinone cation may also be nonplanar. 
Electronic spectral properties 
The electronic spectral properties of flavins have not 
been entirely clarified. An historical review of spectral 
properties is given by Beinert (2) and a guide to some of the 
most recent thinking on the interpretation of flavin spectra 
can be found in the reviews by Song (24, 25) and Penzer and 
Radda (4). The simplified Jablonski diagram (Figure 3) has 
been adapted from Song's review (24) as a summary of his 
Figure 3. A Jablonski diagram for riboflavin 
(after Song, 24) 
a = absorption 
ic = internal conversion 
f = fluorescence 
isc = intersystem crossing 
p = phosphorescence 
3 * Energy for n,TT^ is experimentally 
unknown, and the value shown is from 
theoretical calculations. 
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emission polarisation data and extensive molecular orbital cal­
culations. The observed values shown and Song's calculations 
are in workable agreement. 
Absorption A few generalizations can be made about 
the absorption spectra of isoalloxazines. Substitution at N-3 
and C-10 has only a small effect on the position and intensity 
of absorption bands. A methyl at C-7 produces a bathochromic 
shift in the 445 and 375 nm absorption bands, and a methyl 
substituent at C-6 or C-8 produces a bathochromic shift only 
in the 375 nm band. 
A reproduction of Hemmerich's et a2. (3) tabulation of 
typical absorption maxima for the various ionic forms at each 
oxidation level is shown in Table 1. As can be seen from the 
table, hypsochromic shifts in the longwavelength band of each 
oxidation state occur upon protonation and deprotonation of 
the neutral species, but the most pronounced shifts occur upon 
protonation. Protonated cyclized formylmethylflavin has a 
similar absorption spectrum to that of the riboflavin cation 
(7) . 
Reduction of the isoalloxazine nucleus results in a 
hypsochromic shift of the absorption maximum (445 nm to 400 nm) 
445 
and a reduction in the extinction coefficient = 1.25 
X lo'^ cm^ mole = 6.25 X 10^ cm^ mole ^) . These results 
are consistent with the loss of conjugation in the reduced form 
and the proposal that the reduced ring being bent along the 
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Table 1. Absorption data of flavins (Fl) (Hemmerich et 3) 
Compound ^max 
^^ox®2 390, 264, 222 (a) 
Fl^^H 446, 370, 270, 230 (b) 
Fl^^® 444, 350, 270, 230 (c) 
FIH ® 488, 358, 258 (a) 
FlHg 622, 590 sh (d), 570 (b) 
FIH® 612? (g) 
Fl^^^Hg ca. 400 sh, ca. 280 sh, 250 (c) 
Fl^^^Hg® ca. 350 sh, 288, 256 (f) 
(a) In 6N HCl 
(b) In phosphate buffer, pH 7.0 
(c) In 2N NaOH 
(d) In CHCI3 
(e) In sulfate buffer, pH 2.0 
(f) In borate buffer, pH 9.0 
(g) In CHCI3 containing 2 X 10 M Triethylamine 
sh = shoulder 
N-5 - N-10 axis would interfere with any tendency for delocali-
zation of electrons between the benzenoid and pyrimidinoid por­
tion of the molecule. 
Only the 375 nm band of riboflavin shows appreciable 
solvent-dependent shifting to shorter wavelengths with 
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decreasing solvent polarity. An experimentally testable inter­
pretation of this observation has not yet been offered. A 
small shoulder appearing on the longwavelength side of the 
445 nm band in organic solvents has been interpreted as vibronic 
structure due to the failure of polarized emission studies, 
circular dichroism or magnetic circular dichroism to indicate 
more than one transition in this region. 
Molecular orbital calculations of Fox and collaborators 
(26) predict that in addition to the four strong bands observed 
in the absorption spectrum that three other weak bands occur at 
approximately 240 nm, 255 nm and in the shortwavelength region 
of the 375 nm band. Tollin (22) has interpreted his CD and 
magnetic CD spectra as experimental evidence for these weak 
transitions. Miles and Urry (27) have found seven extrema in 
the CD spectrum of riboflavin. These extrema are located at 
450, 370, 340, 307, 265, 235 and 220 nm. Song's calculations 
(24) also predict an n-ir* transition at 372 nm. 
The spectrum of lumichrome is even less well understood. 
Koziol (28) has recorded the absorption spectrum in various 
solvents. In water, maxima are observed at 220, 262 and 356 nm 
with shoulders at 252 and 385 nm on the two longwavelength 
3 -1 bands. The extinction coefficient at 356 nm is 6.0 X 10 cm 
mole"^. A theoretic consideration of the spectral transition 
is given by Song (24). 
15 
Fluoré s cence Riboflavin fluoresces at 530 nm (29) with 
a quantum efficiency of 0.25 in aqueous solutions (30), 0.71 in 
dioxane (31), and 0.32 in ethanol (32). 
Only the oxidized neutral species is fluorescent; the re­
duced states and ionic forms of oxidized riboflavin are non-
fluorescent. 
The fluorescence intensity of the oxidized flavin is maxi­
mal between pH 5.9 and 7.7 and 97% maximal between pH 3.8 and 
5.9 but rapidly decreases at lower and higher pH values (33). 
The fluorescence has decreased approximately 50% at pH 2. 
Bessey, Lowry and Love (34) have made similar observations, but 
do not report any change in fluorescence intensity at pH 5.9. 
As in the case of absorption, alkyl substituents at N-10 
have little influence on the fluorescence spectrum. 
Lumichrome in water is reported (28) to show a broad flat 
fluorescence emission centering in the blue at about 485 nm. 
In acetic acid, the emission is at 522 nm and appears yellow. 
Phosphorescence Phosphorescence emission values have 
been reported for riboflavin varying from 600-650 nm. Recently, 
Kurtin and Song (35) has reported corrected spectra in a number 
of solvents varying from relatively nonpolar ethyl ether : 
isopentane : ethyl alcohol : : 5:5:2 (riboflavin emission maxi­
mum at 600 nm) to polar 1% glucose-water (riboflavin emission 
maximum at 610 nm) . The red shift observed above is character­
istic of a ir-TT* transition. 
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The quantum yield of riboflavin phosphorescence is very 
low at only 0.0012 in ethanol at 77°K (32). 
Steele (36), Shiga and Piette (37) and Szent-Gyorgyi (38) 
have reported oxygen must be present for phosphorescence, but 
Song (35) found no such requirement. The quality of the 
nitrogen used by Song to flush out atmospheric gases was not 
specified, but the flushed samples, and those containing oxygen 
at atmospheric pressure showed very little difference. It 
would be difficult to rationalize how oxygen, usually a triplet 
quencher at atmospheric pressures, could promote phosphores­
cence. Oxygen at a pressure of 100 atmospheres has been re­
ported to enhance direct singlet-triplet transitions if the 
lowest triplet is a tt-tt*, but not if an n-ir* (39). 
Song (35) has found that buffered solutions of riboflavin 
having pH values of 7.0 to 9.3 at room temperature do not dif­
fer significantly in the position or intensity of the emission 
or excitation spectrum. 
Lhoste, Haug, and Hemmerich (40) have reported the phos­
phorescence of some reduced flavins to have emission maxima 
around 440 nm with an intensity comparable to that of the 
oxidized form. The lumichrome phosphorescence maximum was re­
ported at 545 nm. 
Electron density of ground and excited states 
The two principle approaches used to investigate the 
electronic structure (and hence chemical reactivity) of the 
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ground and excited state flavin molecules are molecular orbital 
calculations and ESR where applicable. The results of molecu­
lar orbital calculations are summarized in Table 2 taken from 
Song (25). 
Table 2. Calculated pi-electron densities as a measure of the 
relative basicities of the pyridine-like nitrogens of 
7,S-dimethylisoalloxazine (Song, 25) 
Electron Density 
State N-1 N-5 
Ground state 1.371 1.114 
First excited singlet 1.250 1.393 
Second excited singlet 1.409 1.344 
First excited triplet 1.160 1.381 
Second excited triplet 1.409 1.367 
From the table, it is apparent that although N-1 is more 
basic than N-5 in the ground state, the reverse is true in both 
the first excited singlet and triplet states. Stated another 
way, the major changes in charge distribution occur upon exci­
tation from the ground to excited singlet, and only minor 
changes occur upon intersystem crossing from the excited 
singlet to triplet state. 
Although not shown in the table, the pyrrolic N-3 was cal­
culated to have the highest electron density in the ground 
state. This is in agreement with the observation that isoal-
loxazines having an alkyl substituent at N-3 do not show a pK 
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around 10. 
In the case of the flavin seitiiquinone (a radical) and the 
excited triplet state, the presence of an unpaired electron or 
electrons respectively accounts largely for the chemical prop­
erties of these species. It is therefore desirable to know to 
what extent these unpaired electrons are localized around the 
various atoms of the molecule. The spin densities have been 
calculated (25) and studied by ESR (21, 40, 41). 
For the semiquinone, the calculated and observed spin 
densities are in qualitative agreement where they are both 
available, and suggest the pi-spin densities are concentrated 
(in order of decreasing density) on N-5, N-10, C-lOa, C-6, and 
C-4a % C-8. 
For the triplet, the pi-spin densities are concentrated 
at N-5, C-4a, the oxyqen bonded to C-4, and N-1 in that order. 
Song has suggested from calculated frontier densities^ that N-1 
may have a higher spin density than N-5 (25, 42, 43). Lhoste, 
Haug, and Heiuiiierich (40) have examined the electron spin 
resonance of flavin triplets. Based on the effect of substit-
uents, the authors suggest a similarity if spin distribution 
between the flavoquinone triplet and the semiquinone free 
radical since the spin density is located mainly in the quinox-
aline portion of the ring system. 
^Frontier densities are electron densities in the highest 
filled molecular orbital and are considered better indications 
of reactivity. See the discussion in reference 42. 
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In summary^ the seitiiguinone and triplet show similarity 
in having a high spin density on N-5 but differ in that the 
semiquinone has almost no spin density at N-1 whereas the 
triplet shows appreciable spin density at this position. 
Lifetimes and quantum yields of excited states and intersystem 
crossing 
The products produced by excited state reactions depend 
not only on the structural nature of the excited species, but 
also on the relative abundance and lifetimes of each excited 
species. The latter two variables may be influenced by the 
environment in which the excited molecule is located. 
Even though the phosphorescence quantum yield of ribo­
flavin is only 0.0012 (32), flavin-sensitized photodecomposi-
tion of indole 3-acetic acid which occurs via a triplet has a 
quantum yield of 0.72 + 0.02 (24) or 0.71 (44) in aqueous 
solution. Since the quantum yield for fluorescence is 0.25 
(30) in aqueous media, intersystem crossing must be very effi­
cient. 
I,umiflavin with only a methyl sidechain has a fluorescence 
quantum yield greater than 0.5 (29) and hence must have less 
efficient intersystem crossing relative to riboflavin. Tether 
and Turnbull (45) suggest that perhaps the high proportion of 
oxygen atoms of the ribityl sidechain enhances triplet forma­
tion by spin-orbit perturbation and stabilizes the triplet by 
"caging". 
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Koziol and Knobloch (46) have shown a slight increase in 
fluorescence quantum yield of riboflavin (from 0.234 to 0.297) 
in going from water to 95% ethanol. A similar trend was found 
in going to other organic solvents such as acetone and dioxane, 
suggesting that in organic solvents, intersystem crossing is 
less efficient. 
Shiga and Piette (37) studied the dependence on pH of the 
ESR signal from the triplet of FMN. The values are reproduced 
in Table 3. It is reasonable to ask whether the variations 
shown reflect an influence of pH, the nature of the glass at 
these pH values, quenching by the HCl or NaOH added to adjust 
the pH, or any combination of the above. McClure (47) has sug­
gested however that triplet lifetimes are not appreciably 
changed (less than a factor of two) in polar and nonpolar 
glasses so that we would not expect the nature of the glass in 
Shiga and Piette * s study to account for the observed variations. 
Table 3. pH dependence of the ESR signal from the flavin 
mononucleotide triplet (Shiga and Piette, 37) 
pH 2 4 7 10 12 
Triplet signal height 5.1 7.8 8.2 7.8 5.6 
(arbitrary units) 
Half-life 9.5 13.6 17.6 14.0 12.7 
(msec) 
Mean lifetime 13.7 19.6 25.4 20.2 18.3 
(msec) 
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The same authors (37) reported that dissolved oxygen and 
paramagnetic ions such as Cu II increased the half-life of the 
triplet from 15 msec to 24 msec. It was not reported whether 
under the same conditions an increase in phosphorescence was 
also observed as suggested by some investigators (36, 38). 
Shiga and Piette (37) found that one other paramagnetic 
species, namely the semiguinone, increased the lifetime of the 
triplet. Prolonged irradiation which built up the semiguinone 
concentration to a plateau level was paralleled by an increase 
in triplet lifetime from 15 msec to 27 msec. 
The mean lifetime of the excited singlet was calculated 
by Weber (48) from fluorescence studies to be approximately 
1 X 10 ^ seconds. Phosphorescence lifetimes have been recorded 
as 0.133 sec (32), 0.19-0.21 sec (24) and 0.56 sec (35). 
Photoreduction and Photobleaching 
When an anaerobic solution of riboflavin is exposed to 
blue or ultraviolet light in the presence of an electron donor, 
the yellow colour of the solution is reduced in intensity. 
The spectrum of the resulting solution is identical to that of 
chemically reduced riboflavin (49). 
Holmstrom (12) reports that aeration of the solution 
results in a complete return of the colour such that the spec­
trum of the original and aerated solutions are within about 1%. 
Chromatographic examination of the resulting photolysate shows 
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that the riboflavin has been unchanged (50). 
The photoreaction of riboflavin in the presence of an 
electron donor would appear to be a photoreduction in which 
only the isoalloxazine portion of the flavin participates. 
If an anaerobic riboflavin solution is irradiated in the 
absence of an external electron donor, a loss of colour is also 
observed, but aeration results in only partial return of the 
colour and the spectrum of the photolyzed solution differs 
considerably from that of the original solution. Chromato­
graphic examination of the photolysate shows the presence of 
numerous products. Photodegradation of riboflavin has taken 
place in this case. 
Photobleaching will be used to refer to the photoreaction 
of flavins in the absence of an external electron donor, and 
photoreduction to the photoreaction in the presence of an 
external donor. 
In aqueous media, photoreduction in the presence of an 
electron donor such as ethylenediaminetetraacetic acid (EDTA) 
is more efficient than photobleaching (49, 51). The quantum 
yield of riboflavin photobleaching is reported by Moore (8) as 
being 12.0 X 10~^. Figure 9 of Holmstrom's paper (49) shows 
that with increasing concentrations of EDTA, the relative 
quantum yield of photoreduction reaches a maximum at about 5 
to 6 times that of photobleaching. It is not readily under­
stood how Holmstrom in the summary to his paper concluded that 
Table 4. Flavin products of riboflavin photobleaching 
Common N Abbreviation Reference 
Lumiflavin 
FormyImethy1f1avi n 
Carboxymethy1flavin 
Lumichrome 
7,8,10-trimethy1-
isoalloxazine 
7,8-dimethyl-lO-
formylmethylisoalloxazine 
7,8-dimethyl-lO-
carboxymethylisoalloxazine 
7,8-dimethylalloxazine 
LF 
FMF 
CMF 
LC 
54, 55 
56 
53, 57, 58 
59, 60 
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photoreduction in the presence of EDTA was 10^ to 10^ times 
more efficient than photobleaching. If Moore's quantum yield 
for the photobleaching of riboflavin is accepted, then ac­
cording to Holmstrom, the quantum yield for photoreduction 
would be greater than 1 indicating a chain reaction. Radda 
and Calvin (52) have reported quantum yields for photoreduction 
in the presence of DPNH^ to be 0.25. 
Products of Photobleaching 
Several of the degradation products produced during photo­
bleaching have been isolated and characterized. A historical 
review of the discovery and identification of these photo-
products has been done by Treadwell (53) . The flavin photo-
products that have been identified are summarized in Table 4, 
and their structures shown in Figure 1. 
One other flavin photoproduct has been claimed to have 
been isolated by Hotta (61) and his coworker Terao (62). This 
product, the 2'-ketoflavin has the following sidechain: 
9 9 9 
9 9 9 9 9 
-C-C-C-C-Ç-H 
à È à H 
Identification was based on the ability to form a 2,4-dinitro-
phenylhydrazone, elemental analysis of the triacetyl esterified 
derivative, and alkaline degradation to form lumiflavin and an 
unknown flavin. The compound was reported to be formed in 
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acid, neutral and alkaline solvents and under aerobic and ana­
erobic conditions. However, semiquantitative data of Song and 
Metzler (6 3) and the work to be reported in this thesis place 
in doubt the probability of obtaining the same compound under 
such a wide variety of conditions in the high yields reported 
by Hotta and Terao. 
Exhaustive photobleaching of riboflavin under anaerobic 
conditions yields lumichrome as the major photoproduct when 
photolysis is carried out in slightly acidic, neutral, or 
slightly alkaline media. Photolysis under aerobic conditions 
generates lumichrome as the major photoproduct only in neutral 
or slightly acidic conditions. Under aerobic alkaline condi­
tions, lumiflavin is the major product. This may be due to a 
non-photolytiC/ alkaline degradation of formylmethylflavin to 
yield lumiflavin and formic acid as the predominant fragment. 
As was shown in 1963 by Smith and Metzler (56), formyl­
methylf lavin is an early and relatively abundant intermediate 
of photolysis. Alkaline photolysis under anaerobic conditions 
followed by neutralization before or immediately after aeration 
produces only small quantities of lumiflavin (63) and lumi­
chrome is again the major product. 
A number of other flavin photoproducts of riboflavin have 
been detected chromatographically by various workers, but no 
effort was made to identify these compounds (e.g. 64, 65, 66, 
67, 68, 69, 70). 
I 
i 
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Moore and Baylor (8) and Yang and McCormick (71) have 
identified Iximichrorae and alloxazine as photoproducts of 
various N-10 substituted 7,8-dimethyisoalloxazines and isoal-
loxazines respectively. Flavin photoproducts identified as 
containing a formylmethyl sidechain have been obtained only 
from the photolysis of 10-(2',3 *-dihydroxypropyl)isoalloxazine 
(8), formylmethylflavin (72) and 10-(2'-hydroxyethyl)isoallox-
azine (73). 
Although less intensively studied, some workers have pro­
vided evidence for the presence of certain small sidechain 
fragments produced during the photobleaching of riboflavin. 
These results are summarized in Table 5. 
It was reported by Shimizu (74) that under neutral aerobic 
conditions when 96% of the riboflavin was destroyed by photol­
ysis there was a small yield of formic acid (9 mole %), but 
that the amount of formaldehyde (74 mole %) was close to the 
amount of lumichrome produced (82 mole %). Under alkaline 
conditions (0.1 N NaOH) the same trend was observed: when 97% 
of the riboflavin was destroyed, the amount of formaldehyde and 
lumi chrome produced was identical (9 mole %) , and the produc­
tion of formic acid was small (6 mole %). The major product 
produced under alkaline conditions was lumiflavin (72 mole %) 
and as discussed earlier, this high yield of lumiflavin may be 
due to the nonphotolytic degradation of formylmethylflavin by 
alkali. 
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Table 5. Sidechain fragments found in aqueous photolysates of 
riboflavin 
Fragment Percent Reference 
yield 
Structure 
D-ribose 76 CH^OH-(CHOH)3-CHO 
D-erythrose 76 CH^OH-(CHOH)g-CHO 
glyceraldehyde 76, 77 CHgOH-CHOH-CHO 
glycolaldehyde 77 chgoh-cho 
formaldehyde 76, 78 ch2o 
erythronic acid 1.9 63 CH2OH-(CHOH)2-COOH 
glycolic acid 13 63,- 76 CHgOH-COOH 
formic acid 74, 76, 79 CHOOH 
a - Song and Metzler (63) have been unable to detect these 
compounds as either free aldehydes or as phenyl-hydrazones. 
b - See text. 
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Since Song, Smith and Metzler (75) found formic acid as 
the major fragment of alkaline formylmethylflavin degradation, 
it is curious that Shimizu found such low yields of formic 
acid during aerobic alkaline photolysis. This suggests that 
either Shimizu's method of detecting formic acid was not quanti­
tative, or that lumiflavin is produced photochemically from 
formylmethylflavin by a different mechanism not involving the 
formation of formic acid. McBride and Metzler (73) have 
definitely shown lumiflavin to be a photoproduct of formyl­
methylflavin under anaerobic conditions at pH 8.5 and 10.2, and 
under neutral conditions have observed a pH drop which might 
correspond to about 20% of the photoproducts being an acid 
(perhaps formic acid). At neutral pH (6.5), no lumiflavin was 
detected chromatographically. It remains then to be estab­
lished to what extent nonphotocheiaical alkaline degradation of 
formylmethylflavin contributes to the photolysis of riboflavin 
under aerobic conditions. 
Anaerobic photolysis of 10-(2'-hydroxyethyl)isoalloxazine 
with 366 nm light yields only lumi chrome and acetaldehyde as 
detected polarographically (51), but Halwer (80) using aerobic 
conditions detected formaldehyde as well as acetaldehyde. The 
ratio between the two sidechain products depended on the initial 
concentration of the flavin as shown in Table 6. Photolysis 
with monochromatic light (436 nm) also favoured acetaldehyde 
production. A slight drop in pH during photolysis may have 
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Table 6. Sidechain fragments produced by the aerobic photo­
lysis of 10-(2"-hydroxyethyl)isoalloxazine by sun­
light (Halwer, 80) 
Initial Moles of Moles of Unaccounted 
concentration ace taIdehyde formaldehyde for moles 
of flavin per mole of per mole of 
(mg/litre) lumi chrome lumi chrome 
80 0.20 0.58 0.22 
16 0.69 0.15 0.16 
been due to the production of an acid. The anaerobic photol­
ysis of hydroxyethylflavin, the 7,8-dimethyl analogue, yielded 
15-18% acetaldehyde and less than 10% formaldehyde (73). 
Sidechain and Isoalloxazine Interaction 
To explain the origin of the photoproducts described 
above, the suggestion was put forward, first by Koschara (81) 
and by Karrer and Meerwein (82) that in the absence of an 
external electron donor, the sidechain provides the electrons 
necessary for photoreduction of the isoalloxazine portion of 
the flavin to yield a flavin with a modified sidechain. 
Karrer's group (82, 83, 84, 85, 86) synthesized a number 
of isoalloxazine analogues and compared their rates of photol­
ysis. The results demonstrated that although a hydroxy1 group 
in the 2' position was not necessary for photolysis, the rate 
of photolysis was more rapid when such a group was present. 
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Yang and McCormick (71) have also synthesized a nuinber of 
analogues and agree that photolysis is more rapid when a 2'-
hydroxyl is present. Photolysis of flavins with co-hydroxyalkyl 
sidechains showed a decreased rate of photolysis in the fol­
lowing order; 3'-hydroxypropylflavin > 5'-hydroxypentylflavin 
> 6"-hydroxyhexylflavin > 4'-hydroxybutylflavin. Lumichrome 
and several other unidentified products resulted from the pho­
tolysis of these to-hydroxyalkylflavins. 
The initial chemical step in photolysis as proposed by the 
authors referred to above (82) and later by Holmstrom and Oster 
(87) is the transfer of a hydrogen from the sidechain to the 
isoalloxazine portion of the photoexcited molecule. There are, 
however, three main types of hydrogens on the ribityl side-
chain: methylene hydrogens at the 1' position, hydroxy1 hydro­
gens, and alpha hydrogens attached to a carbon which also bears 
a hydroxy1 group. 
To investigate which of these hydrogens is involved, 
Moore, Spence, Raymond and Colson (51) compared the photolysis 
rate of riboflavin in water and deuterium oxide. No difference 
in rate was observed suggesting that abstraction of hydroxy 1 
hydrogens is not involved in the rate limiting step of the 
reaction. Moore's group then examined the rate of photolysis 
of 10-(2'-hydroxyethyl-2',2'-^H2)isoalloxazine and 10-(2'-
hydroxyethyl)isoalloxazine and found a kinetic isotope effect 
of 2.5 for the ratio kg/k2 • From these results, it was 
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concluded that the alpha hydrogen is abstracted by the isoal-
loxazine ring, and that neither the hydroxy1 hydrogen nor water 
is involved in the rate limiting step of photolysis. 
Moore and Baylor (8, 88) have shown however that in the 
photolysis of the flavin 10-(2'-hydroxy-2'-methylpropyl)isoal-
loxazine which has no alpha hydrogen, the hydroxy1 hydrogen is 
abstracted during photolysis as evidenced by an isotope effect 
when the compound is photolyzed in deuterium oxide. 
Arguments against abstraction of the hydrogens from the 
1' carbon come mainly from the studies of Radda and Calvin (52) 
and Smith and Metzler (56) indicating that lumiflavin which has 
only a methyl sidechain is photolyzed extremely slowly. Lumi-
flavin is photoreduced in the presence of added electron donors 
(89). In some organic solvents, lumiflavin produces lumichrome 
(46, 63), while in other solvents like ethanol, only fully re­
duced dihydroflavin appears to be produced (63). 
It has been reported (88) that 10-(2'-ketopropyl)isoal-
loxazine is stable to light, and surprisingly, riboflavin 
tetraacetate (85) is also stable. 
McBride and Moore (72) have suggested however, that per­
haps the 1' hydrogen is involved in the photodegradation of 
formy Ime thy If 1 avin. 
In an attempt to distinguish between intramolecular hydro­
gen abstraction and intermolecular abstraction, Radda and 
Calvin (52) photolyzed lumiflavin in the presence of an 80 fold 
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excess of ribitol, and compared the rate with the rate for 
riboflavin photolysis. As the lumiflavin was photolyzed only 
slowly in the presence of ribitol, the suggestion was made that 
photobleaching of riboflavin involves an intramolecular re­
action rather than a reaction between two riboflavin molecules. 
Green and Tollin (90) have examined the hydrogen abstract­
ing action of lumiflavin in the presence of various donors 
under anaerobic conditions. They concluded that the hydroxy1 
hydrogen of alcoholic donors is about two times as labile as 
the alpha hydrogen to abstraction by photo-excited luiaiflavin. 
The alpha hydrogen was on the alcoholic moiety of iso-propyl 
acetate, and the hydroxy1 hydrogen was on tert-butylalcohol. 
The photoreduction of lumiflavin in alcohols is enhanced 
by EDTA, whereas the photoreaction of riboflavin in the same 
alcohols is the same in the presence and absence of EDTA. 
Green and Tollin (90) suggested that this may reflect inter­
action of the ribityl sidechain and ring system. This inter­
action would prevent reaction of EDTA with the same site on 
the riboflavin molecule as on the lumiflavin molecule. Song 
and Metzler (63) found that in contrast to lumiflavin, ribo­
flavin is photobleached and not photoreduced and anaerobic 
ethanol/ was photobleached more rapidly than in water, and 
lumichrome was the major product. This suggests that in 
ethanol at least, hydrogen abstraction occurs preferentially 
from the molecules own sidechain rather than from the solvent. 
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Again, this may reflect a very close interaction of the side-
chain and ring system. 
McBride and Moore (72) have suggested however that formyl-
methylflavin photobleaches by a bimolecular mechanism. 
Hydrogen Abstraction - A One or Two Electron Process? 
Commoner and Lippincott (91) observed an ESR signal upon 
illumination of neutral anaerobic solutions of flavin mono­
nucleotide. They found the signal was stable for at least 50 
minutes in the dark but was rapidly destroyed by oxygen. The 
signal generated by light appeared to be the same as that pro­
duced when flavin mononucleotide was reduced by sodium boro-
hydride. Radda and Calvin (52) have made similar observations 
and found that after the saturation value of the signal ampli­
tude was reached, the signal remains constant for at least one 
hour. When the light was turned off at any point, the signal 
remained for 3 hours and disappeared almost immediately when 
air was admitted. A similar observation had been made by Song 
(92), Song and Metz1er (63), and by Kurtin, Latino and Song 
(93) . 
There are two sources of the flavin radical observed by 
ESR. One possibility is that the excited isoalloxazine chromo-
phore abstracts an hydride ion (two electrons) from the side-
chain to produce a fully reduced flavin. This would be fol­
lowed by reaction between a reduced and oxidized molecule to 
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produce two molecules of the semiguinone. The second possi­
bility is that the excited chromophobe abstracts a hydrogen 
atom (one electron) from the sidechain to produce the semi­
guinone directly. If the precursor to the semiguinone can be 
determined, then it would be possible to infer whether hydrogen 
abstraction was by a one or two electron step. 
Using the technigue of flash photolysis, Holmstrom (94) 
was able to detect a transient absorption during the anaerobic 
flash illumination of riboflavin. The transient had an ab­
sorption from about 650 nm to 500 nm which bears a resemblance 
to that of the semiguinone produced by chemical reduction (95). 
In the presence of EDTA which is an external electron 
source, and of oxygen, the yield of the transient is lower than 
when oxygen is absent. As the decay constant under anaerobic 
conditions for the disappearance of the transient is the same 
whether EDTA is present or absent, Holmstrom concluded that the 
transient that he observed was that of the semiguinone and not 
the excited triplet state of the molecule. However, addition 
of potassium iodide to the solution to guench the excited state 
of the flavin results in a decreased yield of the transient 
semiguinone. Therefore, the semiguinone has a precursor which 
has a lifetime too short to be detected by flash photolysis, 
but long enough for diffusionally controlled collision of the 
guencher at low concentrations. Holmstrom argues that the most 
likely candidate for the semiguinone precursor must be the 
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triplet state. Since the immediate precursor of the semiquinone 
is the triplet excited state, hydrogen abstraction must be a 
one electron or radical process. 
The Reactive Excited State - Singlet or Triplet? 
As mentioned in the previous section, Holmstrom (94) felt 
that the most likely reactive excited state was the triplet. 
This interpretation was based on the observation that a low 
concentration of the quencher KI (4 X 10 ^M) had greater effect 
in reducing the rate of photobleaching than it did in quenching 
the fluorescence of riboflavin. Weber (48) has found that the 
iodide ion is an efficient riboflavin singlet excited state 
-3 quencher also, but only at concentrations higher than 10 M. 
Radda and Calvin (52) also came to the conclusion that the 
triplet was involved in the photobleaching of flavin mononucleo­
tide since paramagnetic ions (Mn, Ni) decrease the initial 
photobleaching rates whereas Na and Mg ions have no effect. 
Holmstrom and Oster (87) observed however that in the 
later stages of bleaching, KI is less effective in quenching 
photobleaching, and higher concentrations of KI are needed to 
reduce the rate. 
Song and Metzler (63) also observed that quenchers such as 
KI, phenol, hydroquinone, thioethanol, and g-toluidine consis­
tently had a much larger effect on photolysis rate than on 
fluorescence yield.* These authors made the further observation. 
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however, that the quencher phenol does not influence the yield 
of all photoproducts identically. Of the major photoproducts, 
only the ratio of lumichrome produced in the presence and 
absence of phenol is nearly the same as the fractional fluores­
cence quenching. The yield of other products including formyl-
methylflavin and the major unknown called compound A decreases 
more rapidly than does fluorescence. This evidence was used 
to argue that lumichrome arises, at least in part, by a singlet 
mechanism. 
Since oxygen can sometimes be used as a diagnostic tool 
to differentiate triplet and singlet excited state pathways, 
studies of the influence of oxygen on riboflavin photolysis 
should be considered. Koziol (69) has examined spectrophoto-
metrically and chromatographically the aerobic photolysis in 
water and some organic solvents. In aqueous media, he reports 
lumi chrome, and an intermediate which he suggested might be 
formylmethylflavin, although this was not established. 
Chemical Changes Following Hydrogen Abstraction 
Abstraction of an hydrogen atom from the sidechain results 
in the semiquinone form of the isoalloxazine ring and a radical 
in the sidechain. 
The fate of the above diradical is suggested by polaro-
graphic studies which are made during the photobleaching 
process. A number of studies have been made in Brdicka's (78) 
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and Moore's (8, 51, 72) laboratory indicating that during the 
photobleaching of all those flavins undergoing alpha hydrogen 
abstraction, there appears an anodic wave with a half wave 
potential of about - 0.20 v vs S.C.E.. Upon aeration, this 
wave disappears. The half wave potential of fully reduced di-
hydroriboflavin is identical to that for the polarographic 
reduction wave of riboflavin (- 0.47 v) and therefore dihydro-
riboflavin cannot be the new photoproduct detected during 
anaerobic photobleaching. This new wave is suggested (51, 72) 
to correspond to a cyclic intermediate of the types shown below. 
OR 
A similar cyclic form was postulate by Suelter and Metzler (7) 
to explain the unusually high pK of 3.5 for formylmethylflavin. 
In their studies of formylmethylflavin photoreduction, 
McBride and Moore (72) found polarographic evidence for the 
interaction of the formyl group of the sidechain with the iso-
alloxazine ring system. Unlike riboflavin which produces di-
hydroriboflavin (E^yg = -0.47 v) when photoreduced in the 
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presence of EDTA, formylmethylflavin produces an anodic wave 
= -0.16 v) under the same conditions. Aeration of the 
photoreduced solutions yields only riboflavin and formylmethyl­
flavin respectively for the two experiments. The most likely 
interpretation is that the anodic wave corresponds to a 
reduced cyclized structure for formylmethylflavin as shown 
above where R is an hydrogen. 
It is not expected that the E^yg the anodic wave would 
change much if R were hydrogen or the rest of the ribityl side-
chain. Consequently, the anodic wave might be produced by one 
cyclic reduced compound if cyclization occurs before cleavage 
of the sidechain, or by several compounds if the sidechain 
cleaves before cyclization during photolysis. The polarograph-
ic results do not distinguish these two possibilities. 
Polarographic studies have however indicated something 
about the formation of lumichrome (51). During anaerobic 
photolysis, a wave with a half wave potential of -0.58 v cor­
responding to lumichrome appears. When the solution is aerated, 
the height of the lumichrome wave remains unchanged, suggesting 
that lumichrome must be formed directly by photolysis, and not 
via a reduced form, at least, not by a stable reduced form. 
A photoelimination reaction (Norrish Type II) was proposed 
by Song and Metzler (63) and by McBride and Metzler (73) for 
the formation of lumichrome. 
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Product Inhibition 
As the photolysis proceeds with time, the rate (or 
quantum yield) as measured by the decrease in absorption at 
445 nm progressively decreases (51, 56, 71, 87, 96). The 
assumption made, of course, is that only oxidized flavin and 
not any of the photoproducts is absorbing at 445 nm. At least 
in the initial stages of photolysis, this is true since the 
extinction coefficient at 450 nm of the reduced flavin is ap­
proximately 1/20 that of the oxidized flavin (97) and the 
absorption of lumichrome, the major photoproduct is minimal in 
this region (28). Aeration of the photolyzed solution at 
almost any stage during bleaching shows some riboflavin still 
to be present as well as formylmethylflavin, lesser amounts of 
other flavins, and of course, lumichrome. 
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The suggestion has been offered by Yang and McCormick (71) 
that retardation of photobleaching may result partly from com-
plexing of a photoreduced flavin with an oxidized molecule to 
produce a dimer (RFH)Under aerobic conditions where no 
reduced species would accumulate, it would be expected, if Yang 
and McCormick's suggestion be true, that there would be no 
slowing of the rate as photolysis proceeds. The authors re­
ported data suggesting this may be true. 
Yang and McCormick's proposal would also predict that 
increasing the initial concentration of flavin would increase 
the possibility of dimerization, and both these authors and 
Green and Tollin (96) have shown that the rate is reduced with 
increasing concentration. Caution is advised however in using 
this to support their proposal since Radda and Calvin (52) have 
found small changes in the absorption spectrum of oxidized 
flavin mononucleotide at concentrations above 5 X 10 ^M sug­
gestive of a possible aggregation. As the effect of concentra­
tion on photolysis yields was studied at concentrations mainly 
above this value, other types of complexes other than (RFH)2 
may be involved. It is also not expected that the concentra­
tion of (RFH)2 will be great at the concentrations used for 
photolysis. 
Another suggestion has been made to account for the de­
creased rate during photolysis; namely, the photoproducts 
quench the triplet excited state (98). Green and Tollin (96), 
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using flash photolysis, found that loss of absorption at 450 nm 
and the yield of semiquinone (560 nm) were quenched with suc­
cessive flashes. This indicates that the photoproducts must be 
reacting with the molecule in the excited state- With in­
creasing concentrations of glycerol which acts as an external 
electron donor while increasing viscosity, the decrease in 
quantum yield with successive flashes became less noticeable 
until in 100% glycerol, no loss in quantum yield was observed 
with successive flashes. In glycerol plus EDTA, however, 
flavin mononucleotide did exhibit product quenching with suc­
cessive flashes. The same results were obtained for lumiflavin 
in water, glycerol, and glycerol plus EDTA. In monohydroxylic 
alcohols, no product quenching was found with or without EDTA. 
Further, the photolysis of riboflavin plus EDTA was quenched 
by products in glycols, whereas lumiflavin photolysis was 
not. Green and Tollin concluded from these studies that pro­
duct quenching depends largely on the nature of the product 
produced. 
Effect of Acids and Bases on Photobleaching 
As first observed by Warburg and Christian (99), photol­
ysis of riboflavin under alkaline conditions proceeds more 
rapidly than under neutral conditions and leads to the forma­
tion of lumiflavin if the photolysis is aerobic. The aerobic 
production of lumiflavin as explained earlier may result from 
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both alkali and light catalyzed reactions. The photolysis of 
hydroxyethylflavin and formylmethylflavin are also more rapid 
under alkaline conditions (92). The photolysis at pH 10 is 
slightly slower than at pH 8. 
Under acidic conditions, riboflavin photolysis is slower 
than under neutral conditions, but between pH 3.3 and 4.9, 
Halwer (80) found no difference in the rate of bleaching. 
This reduction in rate under acidic conditions was also ob­
served by McBride and Metzler (73) for the photolysis of hydro­
xy e thy 1f1avin and formymethylflavin. 
Rate studies of the early stages of anaerobic neutral 
riboflavin photolysis suggest the reaction to be apparent first 
order (63), but as the pH is increased, the initial rate in­
creases until at pH values greater than 9.5, a second order 
plot is more satisfactory. At pH 10.5 and higher, the rate 
again begins to decrease (63). 
In the presence (80) and absence (87) of oxygen, and at 
acid (80) and neutral (87) pH values, the rate of photobleaching 
is increased with the square of the buffer concentration. 
Yang and McCormick (71), using phosphate buffer, have also 
noted that the higher the concentration of buffer, the greater 
the amount of bleaching that takes place before the photolysis 
rate has slowed to any particular value, but have not found 
that the increase in rate is strictly proportional to the 
square of the buffer concentration. 
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Both Halwer, and Yang and McContiick report a buffer effect 
under aerobic conditions. 
As KCl has not been observed to influence the rate of 
photolysis, the buffer effect is not merely a salt effect. 
Holmstrom (49) reported that after removing lumichrome and 
lumiflavin from an aerobically photolyzed solution of flavin 
mononucleotide by chloroform extraction, the aqueous layer had 
a compound with an absorption maximum at 400 nm. High concen­
trations of buffer (40 mM) compared with low concentrations 
(4 mM) increased the amount of the 400 nm absorbing compound 
at the expense of lumi chrome. As Holmstrom did not check to 
see whether the 400 nm absorbing compound was alkali sensitive, 
it is not possible to say whether this compound was the cationic 
form of formylmethy 1 flavin which absorbs at about 400 nm. In 
an earlier paper (87) the aqueous phase was treated with alkali 
after chloroform extraction and produced absorption peaks at 
265, 385 and 445 nm as would be expected if lumiflavin were 
produced. Since the solutions were buffered at pH 6.8, and the 
pK for formylmethylflavin is 3.5, it is unlikely that the 400 
nm absorbing compound is formylmethylflavin. Another argument 
against the 400 nm compound being formylmethylflavin is that 
the production of formylmethylflavin as judged by the produc­
tion of lumiflavin upon alkaline hydrolysis did not vary with 
the buffer concentration. 
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Photolysis in the presence of hydrogen peroxide (49) 
yielded, after chloroform extraction, aqueous layers with ab­
sorption maxima at 410-420 nm and 390 nm respectively depending 
on whether a high or low buffer concentration was used. These 
products were stable to light and alkali which would exclude 
the possibility of their being formylmethy1flavin. 
Holmstrom reported in his 1964 paper (49) not to find as 
great an effect of phosphate buffer under anaerobic conditions 
as in his 1961 study (87), and there was no buffer effect under 
aerobic conditions. 
Considerable variation was observed by Halwer (80) in the 
effectiveness of buffers. Formic acid was much less effective 
than the weaker acid acetic acid. The strong acid, hydrogen 
ion, also has no catalytic effect. The basic portion of the 
buffer showed less variation in affecting the photolysis rate. 
The reason for the variable results with phosphate buffer is 
not readily explained unless contaminants of the various 
samples of phosphate are causing the variability. 
Acetylation of the sidechain obliterates catalysis (80), 
but photolysis of 10-(2'-hydroxy-2'-methy1-n-propy1)isoalloxa-
zine which contains a tertiary alcohol is strongly catalyzed 
by buffers. Moore and coworkers (51) have suggested that this 
may be due to an acid catalyzed rearrangement of the tertiary 
alcohol. 
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A recent publication by Yamazaki and Tolbert (100) illus­
trates the variation in photolysis rates obtained with various 
buffers and points out that certain organic buffers such as 
N-tris-(hydroxymethyl)methylglycine and N,N-bis-(2-hydroxyethyl) 
glycine may act as electron donors resulting in the photoreduc-
tion instead of photobleaching of flavins. 
Effect of Temperature 
Wada and Sakurai (101) studied the influence of temper­
ature on aerobic photolysis of riboflavin. After photolysis, 
the undegraded flavins were assayed by the lumiflavin fluores­
cence method to give the results shown in Table 7. Although 
this technique may not be completely quantitative, the values 
reported can be compared on a relative basis. 
Table 7. Influence of temperature on aerobic photolysis of 
riboflavin (Wada and Sakurai, 101) 
Irradiation Temperature Percent of non-lumichrome products 
time (min) (°C) pH 2.8 pH 5.6 
0 no warming 100 100 
30 5 100 96 
30 20 96 92 
30 50 91 80 
30 70 75 46 
30 90 42 27 
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At concentrations five times that used by Wada and 
Sakurai, Farrer and MacEwan (102) and Shimizu (103) found ribo­
flavin completely stable for 1 hour from pH 1.3 to 6.5 (80°), 
pH 1.7 to 5.5 (100°). Destruction is somewhat greater at lower 
concentrations. 
At pH 4.6, Halwer (80) observed the initial rate constant 
for aerobic riboflavin photolysis to be 19% greater at 35°C 
than at 25°C. 
Oxidation of Reduced Flavins 
The reduced flavins produced during anaerobic photo-
bleaching or photoreduction can be reoxidized by the admission 
of oxygen. There are at least two reasons why this step 
deserves consideration. 
Firstly, if cyclization to produce reduced flavins oc­
curred during photobleaching before sidechain cleavage, then 
sidechain cleavage to yield the observed photoproducts would 
take place upon aeration. Such a mechanism has been written 
by Moore and Baylor (8) and is reproduced in Figure 4. The 
other interpretation, of course, is that sidechain fragmenta­
tion has occurred before cyclization. 
Secondly, during the process of oxidation, some reactive 
products may be produced which could react with the photo­
products to produce secondary products. 
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Figure 4. Formation of formyImethy1flavin (FMF) by an 
ionic mechanism following aeration of photo-
h leached riboflavin R = -CH-, 
(after Moore and Baylor, 8) 
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Brdicka (78) has reported that the oxidation of the re­
duced flavins produces a polarographic wave corresponding to 
hydrogen peroxide. 
The oxidation of chemically reduced flavins has been 
studied by Gutfreund (104) and by Gibson and Hastings (13). 
From their kinetic studies, the latter authors came to the 
conclusion that two pathways of oxidation were operating. The 
first is an autocatalyzed reaction where the oxidized flavin 
(F) accelerates the reaction, an the formation of the inter­
mediate is rate limiting. 
F + FH2 ^ Intermediate 
1/2 Intermediate + 1/2 O2 F 4- 1/2 HgOg 
Since the absorption of the intermediate was at 570 nm and 
900 nm, it was suggested that the intermediate was the semi-
quinone. 
The second mechanism which Gibson and Hastings felt to be 
competing with the above was an oxygen dependent reaction which 
was suggested perhaps to be of the following type: 
FH2 + Og * FH-O-OH step 1 
FH-O'OH » FH- + -OgH step 2 
FH- + • O^H —» F + H2O2 step 3 
Because of the large distance between the hydrogens of the 
reduced flavin, it was not felt that hydrogen peroxide could be 
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produced in one step, although the formation of the hydrogen 
peroxide could conceivably occur rapidly as a result of caging 
of the flavin (FH*) and "OgH generated by step 2. 
Gutfreund (104) found that oxidation of reduced flavin 
was slowed when reoxidation occurred in deuterium oxide. 
More recently, Massey and coworkers (105) and Ballou, 
Palmer and Massey (106) have demonstrated that the superoxide 
anion (0^") is generated during oxidation of reduced flavins. 
An interesting suggestion has been made by Massey and co­
workers (107) to explain oxidation of reduced flavins. Their 
proposal is shown in Figure 5. An interaction of the reduced 
flavin and oxygen to produce a hydroperoxide adduct at position 
10a or 4a is suggested. (The 10a adduct is shown in Figure 5.) 
That such adducts might be formed has been suggested by Muller 
(108) who reported that he may have evidence for the spectral 
similarity of the adduct formed when reduced flavin is oxidized 
by molecular oxygen in methanol and a methoxy adduct formed by 
the reaction of flavin and base in methanol. It is possible 
however, that during aeration of the reduced flavin in methanol, 
O2'" or "OgiH produced during oxidation of the reduced flavin 
might abstract a hydrogen from the methanol. The methoxy radi­
cal so generated might then react with the oxidized flavin to 
produce the adduct. 
Hemmerich, Massey and Weber (109) have presented evidence 
that a 4a-benzyl substituted flavin can be produced photo-
chemically at 50°C or the photochemically generated 5-benzyl 
Figure 5. A scheme for the oxidation of reduced 
flavins by molecular oxygen 
= -CHg R = -ribityl sidechain 
(from Massey, Muller, Feldberg, Schuman, 
Sullivan, Howell, Mayhew, Matthews and 
Foust 107). 
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substituted flavin produced at lower temperatures can thermally 
rearrange to the 4a-benzyl substituted flavin. 
It remains to be explored whether reactions occurring upon 
oxidation of the reduced flavins have any influence upon the 
photochemically generated products. 
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MATERIALS AND METHODS 
Work was done in a windowless room illuminated by a 15 
watt coral red, fluorescent lamp (General Electric) and by two 
100 watt tungsten lamps which had their emission filtered by 
Corning filters (C. S. No. 3-67) which have a cut off at 550 nm. 
Flavins 
Riboflavin (U.S.P., readily soluble) was obtained from 
Commercial Solvents Corporation; lumiflavin, lumichrome, formyl-
methylflavin, and hydroxyethylflavin were synthesized by 
previous workers (56). 
Photolysis 
-4 Flavin solutions of approximately 10 M concentration 
were irradiated. Redistilled water or anhydrous methanol 
(reagent grade) was used as the solvent. The pH was adjusted, 
when necessary, with either HgSO^ or BaXOH^g. After irradia­
tion, the solutions were immediately neutralized and the in­
soluble BaSO^ was removed by centrifugation. 
Small samples were photolyzed in modified Thunberg tubes 
(56) made either of Pyrex glass or silica. The source of light 
was a 140 watt Hanovia mercury lamp (high pressure) made with 
a fused silica envelope. The lamps output ranged from the blue 
and green mercury lines into the ultraviolet region as far as 
226 nm. • 
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A yellow filter with a sharp cut off at 400 nm was used 
when only the visible emission was desired. 
The extent of photolysis was determined by measuring the 
absorption at 445 nm on a Beckman DU spectrophotometer. Spectra 
were recorded on a Gary 15 or Gary 1501 recording spectrophoto­
meter. The pH was measured with a Sargent Model LS pH meter 
and combination electrode (S-30070-10). 
Thin-layer Ghromatography 
Plates (20 x 20 cm) spread with Merck Silica Gel H 
(Brinkmann Instruments ; Inc.) approximately 250 microns thick, 
were kept in an oven at 110®G until immediately before use. 
The photolyzed solutions were concentrated by flash 
evaporation or for smaller samples by drying in a desiccator 
under vacuum over potassium hydroxide. The dried solution was 
then suspended in methanol and 6 to 10 micrograms of flavin 
were spotted using capillary tubes. 
The chromatographic solvent systems were: BAW (upper 
phase), n-butanol - acetic acid - water (4:1:5, v/v); AAW 
(upper phase), n-amyl alcohol - acetic acid - water (3:1:3, 
v/v) and; Ketone solvent, acetic acid - 2-butanone - methanol -
benzene (5:5:20:70, v/v). Analytic grade chemicals were used. 
The chromatographic tanks and conditions for chromato­
graphy were identical to those described by Treadwell, Cairns, 
and Metzler (68). 
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The flavins on the chromatograms were detected by placing 
them in the light of a long wavelength ultraviolet "Transil­
luminator" (Ultra-violet Products, Inc.). Light from the 
transilluminator itself is removed by a filter placed between 
the viewer and fluorescent substances so that the light ob­
served is that from the fluorescent material. 
The chromatograms on the Transilluminator were photo­
graphed through the filter using Ektachrome EH (Kodak ASA 160) 
35 mm color film (2 second exposure at f 3.5, 55 cm plate to 
film distance, magnification of 1/10). The photographic 
technique was as sensitive as the eye in detecting 10 ^ micro-
2 grams of riboflavin on a spot about 4 mm in area. When color 
or black and white prints were made from the transparencies, 
much of the sensitivity was lost. Color reproduction was good 
if more than 0.1 micrograms of flavin was on a spot. 
Photolysis and Chemical Tests on Plates 
The low yield of some of the photolysis products made 
difficult their rapid isolation for further study. For this 
reason, many tests were done on the chromatographic plates. 
Small samples (0.25 ml) of freshly photolyzed solutions were 
rapidly dried over KOH, spotted on chromatograms, and run in 
one dimension in the ketone solvent. The chromatograms were 
dried, sprayed with test reagent, or photolyzed in front of 
the mercury lamp (5-15 min. at 35 cm.) and rerun in the second 
: 
dimension in the same solvent or in BAW. When the ketone sol­
vent was used to develop in the second dimension, reacting 
products were observed by their departure from the diagonal; 
and when BAW was used, reacting products were observed by com­
paring with the product distribution of the untreated photoly­
sis sample. A procedure similar to this was first used by 
Svobodova, Hais and Kostir (65) for studying the photolysis of 
flavins on paper chromatograms. 
The spray reagents were all saturated methanolic solutions 
of reagent grade chemicals- Great care had to be taken to 
spray with the correct amount of reagent, and this had to be 
established by trial-and-error. Although many unclear results 
were obtained, enough extremely clear plates were obtained to 
fully establish the results reported. 
Chemical Tests on Flavin Solutions 
Detection of formaldehyde following periodate cleavage 
Following oxidation of the flavin side chain with an excess 
of periodic acid at room temperature, the volatile components 
in the reaction mixture were separated from the residue by dis­
tillation under reduced pressure. A portion of the distillate 
was subjected to the chromatropic acid test for formaldehyde 
as described by MacFadyen (110). 
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Reduction of the flavin sidecliain 
Photoproducts to be reduced were scraped from thin-layer 
chromatography plates and eluted from the silica gel with re­
distilled water. A saturated solution of sodium borohydride 
(approximately 30 mg/ml) dissolved in pyridine was used for the 
reduction, and the extent of reduction was followed chromato-
graphically. 
The reduced flavin was bound to the R-15 phenol-type resin 
(111), placed in a sintered glass funnel and washed first with 
100 ml of IN HCl and then with two to three times the amount of 
redistilled water necessary to bring the pH back to neutrality. 
The washed flavin was then eluted with 50% acetone-water 
(v/v) and flash evaporated to dryness. The flavin was sub­
sequently chromatographed to separate the products of reduction 
from each other and non-reduced flavin. 
The reduction products were scraped and eluted from the 
silica gel with redistilled water and then filtered through a 
Millipore filter of pore size 0.45 microns (Millipore Filter 
Corp.) to remove any small particles of silica gel. 
Formation of semicarbazide derivatives 
To 5 ml of flavin dissolved in methanol (approximately 
— c 
5 x 10 M) one drop was added of a solution containing 0.24 g 
of semicarbazide-HCl and 0.15 g of sodium acetate in 2.5 ml of 
water. The mixture was heated just to boiling then concentra­
ted for spotting on a chromatogram. 
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Radiochemical Studies 
Radiochemicals 
2 - R i b o f l a v i n  w a s  o b t a i n e d  f r o m  A m e r s h a m / S e a r l e  C o r p o ­
ration, and purified by TLC before use. 
Tritium was incorporated into the sidechain of flavins by 
reduction with sodium borotritide (Amersham/Searle Corporation) 
of the carbonyl group located in the sidechain of some flavin 
photoproducts. The reduction procedure was the same as 
described above under "Reduction of the flavin sidechain" 
except that sodium borotritide was substituted for sodium boro-
hydride. 
For double isotope studies, tritiated riboflavin (obtained 
14 from the above procedure) was diluted with 2- C-riboflavin to 
give a relative ^H/^^C ratio between 0.5 and 5. The absolute 
ratio was not determined. 
Counting 
Counting was done on an Ansitron II liquid scintillation 
counter (Picker Nuclear). 
The scintillation mixture was Bray's solvent (112) con­
sisting of 60 g naphthalene; 4 g 2,5-diphenyl-oxazole (PPO); 
200 mg 2,2-£-phenylene-bis-(5-phenyloxazole) (POPOP); 100 ml 
methanol; 20 ml ethylene glycol; and dioxane to make 1 litre. 
Either aliquots of aqueous flavin solutions or scrapings 
from the thin-layeç plates were placed in vials containing 
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15 ml of Bray's solvent. Bray's solvent readily eluted the 
flavin from the silica gel scrapings and gave a linear counting 
14 
rate for 2- C-riboflavin concentrations between 0.009 micro­
grams and 4.5 micrograms without significant quenching problems. 
Photolysis of labelled riboflavin 
3 14 Solutions containing H-riboflavin and C-riboflavin were 
photolyzed under varying conditions. In order to remove any 
exchangeable tritium generated during the photolysis, the pho-
tolysate was bound to the R-15 resin and washed with 500 to 600 
ml of redistilled water before being eluted with 50% acetone-
water. The eluent was dried and suspended in methanol for 
spotting on thin-layer plates. 
When only ^^C-riboflavin was photolyzed, there was no 
need to wash the photolysate on the R-15 resin, so that the 
photolysate could be dried and immediately spotted on thin-
layer plates. 
Microbiological Assay 
The ability of the photoproducts and chemically modified 
photoproducts to support the growth of Lactobacillus casei 
ATCC 7469 was determined using a microbiological assay as 
described by Difco Laboratories (113). 
Samples to be assayed were dissolved in sterile water and 
pipetted in measured amounts into tubes containing previously 
sterilized assay media. The concentration of the unknown 
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flavins in water was estimated spectrophotometrically by 
assuming the extinction coefficient of the unknown and ribo­
flavin to be identical. Turb i dime tri c readings of the assay 
sairples were made at 640 nm after approximately 18 hours incu­
bation at 37°C. 
The microorganisms and the media for the assay were 
purchased from Difco Laboratories. 
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RESULTS AND DISCUSSION 
Effects of pH on Photolysis Product Pattern 
Photolysis at neutral pH 
Photolysis under various conditions was compared with the 
following experiment. A 10 solution of RF in water at pH 
1.2, and under anaerobic conditions, was irradiated in a Silica 
Thunberg tube with the full spectrum of the Hanovia lamp at a 
distance of 5 cm. until the absorbance of the solution at 450 
nm dropped to 46-50% that of the unphotolyzed solution (from 
about 1.2 to 0.6). The products of this photolysis are shown 
in the photograph in Figure 6. Figure 7 is a diagram of the 
same chromatogram on which the major components are labelled 
for convenience in discussion. Spots 10, 12, 14, 15, 19 and 
26 are present in the chromatogram of Figure 6 and are clearly 
visible in the original color transparency, but are present in 
such small amounts that they cannot be seen clearly in the 
reproduction of this photograph. 
When a yellow filter with a sharp cut-off at 400 nm was 
placed between the mercury lamp and the sample, the time 
required to obtain a desired degree of bleaching under anaero­
bic conditions was increased by a factor of approximately 5 in 
both acidic and basic as well as neutral solutions. 
The changes in photolysis products observed by insertion 
of the filter, when bleaching is carried to the same stage 
Figure 6. Photograph of a two-dimensional chromatogram of the 
products of a neutral anaerobic photolysis. Ribo-
-4 flavin, 10 M at pH 7.4 was irradiated with a^ 
mercury lamp (X > 400 nm) until 50% bleached. The 
photograph was made from a High Speed Ektachrome 
color transparency 
Figure 7. Diagram of spots visible on the thin-layer plate 
from which Figure 6 was prepared. LC and 16 had 
light blue fluorescence, 2 and 18 had blue-violet 
fluorescence, and all other major products 
fluoresced yellow 
Percent bleaching = 
original absorption^- final ab.sorp.tion^^^ 
nm 
original absorption^ 
X 100 
nm 
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(50%), are relatively minor and are clearest in neutral solu­
tion. Since the fluorescence of the major spots is intense, 
it is impossible to say whether significant changes in the 
relative amounts of these products occur with filtered vs. un-
filtered light; none can be seen. Of the minor products, the 
dark blue spots, 2, 18 and 23 definitely decrease with filtered 
light, and a small decrease in yellow spots 19 and 20 and in 
light blue-fluorescing spot, 16, is observed. The amounts of 
LF, of compound B and of yellow spots 1, 4 and 5 appear to 
increase. 
An estimation of the quantity of photoproducts was ob-
14 tained by photolyzing 2- C-riboflavin. The photolysate was 
chromatographed in two dimensions using the ketone and BAW 
solvent systems. The results of two such photolyses are shown 
in Table 8. Products judged lesser in amount than lumiflavin 
were not counted. 
Efforts to separate A and C showed considerable variabil­
ity in results because of the proximity of these two compounds. 
The amount of A in the A-C region ranged from 30-80% when un­
buffered solutions were photolyzed at pH values between 6.5 
and 7.0. The variability was not observed to correlate with 
pH. 
Photolysis at acidic and alkaline pH 
Anaerobic photolysis products at pH 4 and 10 were compared 
with those obtained at neutral pH by bleaching 50% using the 
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Table 8. Product yields of two neutral photolyses of ribo­
flavin _. 
[Riboflavin, 10 M, at pH 6.8 was irradiated with a 
filtered mercury lamp (wavelengths greater than 
400 nm) anaerobically until 49% bleached (at 445 nm). 
. Counting was for 40 minutes with a background of 
31.2 cpm.] 
Product 
Photolysis 
cpm above 
background 
1 
Percent 
Photolysis 
cpm above 
background 
2 
Percent 
LC 2586.2 7.2 3331.0 7.4 
26 115.3 0.3 110.6 0.2 
FMF 8808.0 24.6 11951.7 26.6 
LF 44.6 0.1 65.1 0.1 
A + C 2639.7 7.4 3261.3 7.3 
RF 20437.4 57.1 24787.6 55.2 
16 854.5 2.4 1051.5 2.3 
B 317.2 0.9 334.8 0.7 
full spectrum of the mercury lamp. Solutions were maintained 
at alkaline pH no more than 5 minutes, and were neutralized as 
rapidly as possible after aeration. 
Only minor differences were seen between acidic and 
neutral photolyses, but several important changes in the pro­
duct distribution at pH 10 were observed: 
1) Compound A was completely lacking at pH 10. 
2) Compound B and C were more abundant at pH 10 than at pH 
7.2. They were also slightly more abundant at pH 3.9. 
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3) Liomiflavin was present in large amounts at pH 10 if the 
solution was not neutralized immediately after aeration. 
Neutralization resulted in only a small amount of lumi-
flavin being produced. Photolysis at lower pH values 
yielded only trace amounts of lumiflavin. 
4) Spot 1 was much decreased at pH 10 whereas spot 27 was in­
creased. 
The time required to obtain 50 percent photobleaching at 
pH 3.9 was slightly longer than that at pH 1.2, but at pH 10.0, 
it was only 1/12 that at pH 7.2. 
In acidic solutions, the differences are very slight when 
filtered light ( > 400 nm) is used for photolysis instead of 
unfiltered light. The differences are mostly in the opposite 
direction to those observed at pH 7.2. Thus, while the pro­
duction of several blue fluorescent spots (2 and 18) is de­
creased by use of the filter at pH 7.2, it is increased at 
pH 3.9. At pH 10, the changes are also very slight, although 
spots 12 and 13 completely disappear when the filter is used. 
An estimate of the quantity of photoproducts at alkaline 
14 pH was obtained by photolyzing 2- C-riboflavin. The photo1-
ysate was chromatographed in two dimensions, the spots scraped 
and counted. The results of two such photolyses are shown in 
Table 9. Products judged lesser in amount than compound 26 
were not counted. The relative amounts of compounds 4 and 5 
could not be determined because of their proximity. 
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Table 9. Product yields of two alkaline photolyses of ribo­
flavin 
[Riboflavin, 10 M, at pH 10.1 was irradiated with a 
filtered mercury lamp (wavelengths greater than 
400 nm) anaerobically until 49% and 48% bleached (at 
445 nm) for photolysis 1 and 2 respectively. 
Counting was for 40 minutes with a background of 
31.2 cpm.] 
Photolysis 1 Photolysis 2 
Product cpm above 
background 
Percent cpm above 
background 
Percent 
LC 7786.6 19.3 10034.9 20.8 
26 460.3 1.1 182.8 0.4 
FMF 9471.9 23.5 11793.7 24.4 
LF 1145.1 2.8 1316.1 2.7 
C 3155.3 7.8 3207.7 6.6 
RF 15775.5 39.1 19941.5 39.6 
16 742.4 1.8 856.5 1.8 
B 1523.0 3.8 1470.2 3.0 
4 -t- 5 275.2 0.7 280.1 0.6 
Figure 8 represents a composite of ch roma to grams run under 
many conditions, and shows the position of various minor com­
pounds whose production was variable-
Thin-layer chromatography has offered considerable ad­
vantage over paper chromatography in detecting the photopro-
ducts of riboflavin. The most significant advantage is the 
increase in resolution which enabled users of TLC to recognize 
formylmethylflavin (56), compound A (63, 68) and compound C as 
Figure 8. Diagram representing a composite of many 
chromatograms of photolysis products of 
riboflavin 
o 
o 
Products observed in greater than 
trace amounts. 
\ Products observed only in trace 
J amounts. 
Yellow fluorescence 
Light blue fluorescence 
Dark blue or blue-violet fluorescence 
Uncertain 
Rf IN KETONE SOLVENT 
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being distinct products of photolysis. It is possible that a 
small spot above riboflavin on a paper chromatogram of Koziol's 
(69) is compound A. Kurtin, Latino and Song (93) have chroma-
tographically found a product of riboflavin photolysis in 
pyridine which migrates similarly to compound A in BAW on thin-
layer plates. 
The ketone solvent system developed by Treadwell (53) is 
still the best solvent known for resolving A and C. Song and 
Metzler (63) who did not yet have the use of this system, did 
not distinguish between these two products. Consequently, in 
their estimations of the amount of individual photoproducts, 
compound A and C are pooled together under neutral and acidic 
conditions, and compound C which is produced under alkaline 
conditions is labelled compound "A". 
Using riboflavin and chromatography as reported here. 
Song and Metzler (63) made an estimate of the amount of photo-
products produced during photolysis at various pH values. The 
results are not in good agreement with those presently being 
reported. Although a slightly greater bleaching (77%) compared 
with 50% was used by these authors, the amount of formylmethyl-
flavin (9%) is much lower than the 25% reported here. Our own 
studies (see next section) do not indicate such a marked reduc­
tion in the yield of formylmethylflavin at 75% bleaching. 
Further, the product labelled formylmethylflavin on their auto-
radiogram has a lower than we have found in the same solvent 
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(BAW)/ and a much more abundant product, with the expected 
of formylmethy1flavin is between lumichrome and the product 
labelled "formylp.ethylflavin" . During aqueous photolysis, we 
have not observed any major product to lie between lumichrome 
and formylmethylflavin. 
Further, the relative intensities of the spots on their 
autoradiogram are not in agreement with their tabulated counts 
per minute. Perhaps variations in beta absorption as a result 
of the different amounts of silica gel scraped onto planchettes 
for counting may have caused these variations. This problem 
was obviated in the present work by use of liquid scintillation 
counting since the flavin was eluted from the silica gel by the 
scintillation mixture, and variations in the silica gel itself 
presented no quenching problems, probably because it settled 
to bottom of the vial. 
Compound B has been identified by Treadwell (68) as 
carboxymethy1f1avin. 
Photolysis using filtered light in which the higher energy 
wavelengths were excluded did produce a detectable qualitative 
difference in product distribution. Subsequent studies in 
which the distance between the lamp was varied but the percent­
age bleaching was kept constant did not show these qualitative 
variations. This suggests that a wavelength effect may be 
real, but since monochromatic light was not used, and the 
intensity of illumination was not checked, definite conclusions 
must await more sophisticated experiments. 
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The most important distinctions between neutral photolysis 
and an alkaline photolysis carried to the same degree of 
bleaching is 
1) that no compound A is produced during alkaline photolysis, 
but there is a slight increase in the amount of C produced 
and 
2) that under alkaline conditions, there is an increased 
amount of riboflavin destruction with a near compensating 
amount of lumichrome formation. 
The longwavelength absorption band of riboflavin is not 
very different at pH 7 and 10, yet the amount of riboflavin 
destroyed was 15-20% different when solutions at each pH were 
bleached 50%. Moreover, there was only 42-45% destruction of 
riboflavin under neutral conditions, but 60% destruction under 
alkaline conditions. The 10% over destruction of riboflavin 
under alkaline conditions can not be explained unless during 
photolysis, some species is produced which also absorbs at 
445 nm. The 400 nm absorbing compound reported by Holmstrom 
(49) may be responsible, although no attempt was made to 
explore this possibility. 
Effects of Oxygen on Photolysis Product Pattern 
In a series of experiments, oxygen was bubbled through 
the solution continuously during photolysis. The reaction was 
carried to an arbitrary degree of bleaching. It is important 
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to recognize that this bleaching is irreversible, (unlike that 
in anaerobic conditions) and that a greater degree of degrada­
tion of the riboflavin is observed when aerobic bleaching is 
carried to the same degree as with anaerobic bleaching. 
At pH 7.2, aerobic photolysis with 28% bleaching gives a 
product distribution similar to that of an aerobic photolysis 
at the same pH carried to 50% bleaching except that the amount 
of FMF is much decreased, the other yellow products lumiflavin, 
A, and carboxymethylflavin are also decreased, and the dark 
blue-fluorescing products 2, 3, 6, 11, 18 and 23, the light 
blue-fluorescing spot 16 and the yellow-fluorescing compounds 
20 and 22 are all increased. 
When the aerobic photolysis at pH 7.2 is carried to 50%, 
the yellow spots are further decreased in amount and lumichrome 
and the blue-fluorescing spots continue to increase. Compounds 
A and C are the major yellow compounds although A is the more 
predominant. If filtered light is used, the minor blue-
fluorescing products are also largely absent. Similar results 
are seen at pH 3.9 except that spot 30 appears, spots 15 and 
20 increase and 16 decreases. At pH 10 aerobic photolysis (50% 
bleaching, unfiltered light) gave large amounts of both LF and 
LC, somewhat lesser amounts of carboxymethylflavin and still 
less formylmethylflavin and C. Blue-fluorescing products 2, 3, 
6 and 11 were also formed. Compound A could not be detected. 
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Aerobic photolyses demonstrate that oxygen has a retarding 
effect on photolyses since longer times were required to 
achieve any given degree of bleaching. More important, dif­
ferent photoproducts are favoured during photolysis in the 
presence of oxygen than in its absence. Compound A and lumi-
chrome are produced in relatively higher yields than the other 
photoproducts. 
Two possible explanations are offered. Firstly, in the 
presence of oxygen, no reduced flavins are produced, and per­
haps, certain of the oxidized flavin photoproducts are more 
readily decomposed by a secondary photoreaction after being 
generated in a primary photoreaction. Certainly, lumichrome 
has been shown to be more stable to light, and formylmethyl-
flavin, the major photoproduct under anaerobic conditions, has 
been shown to be very light sensitive in the oxidized form (8, 
63, 73). 
A second possible explanation is that certain of the photo 
products are never produced since they are derived from a trip­
let state which could be effectively quenched by oxygen. Those 
products which are produced would come from an excited singlet 
state which, because of its shorter lifetime, would have a 
higher probability of escaping quenching by oxygen. 
These two possibilities can be resolved by studying the 
effect of excited state quenchers under anaerobic conditions. 
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Effects of Potassium Iodide on 
Photolysis Product Pattern 
14 -4 C-Riboflavin (approximately 10 M) was anaerobically 
photolyzed in the absence and presence of 10 KI (reagent 
grade) at pH 6.8. The results are shown in Table 10. 
Table 10. Photoproduct yields in the presence and absence of 
KI 
[Photolyses were for 30 minutes using filtered light. 
The results of duplicate experiments are shown.] 
Photoproduct 
Percent in 
absence of 
KI 
Percent in 
presence of 
KI 
Ratio of yield 
in absence to yield 
in presence of KI 
LC 11.4* 7.6% 1.5 
10.9^ 7.6* 1.4 
FMF 23.4 0.9 26.0 
25.7 0.8 32.2 
A 6.8 5.3 1.3 
8.4 5.1 1.6 
C 4.5 0.0 CO 
2.1 0.0 00 
RF 51.0 86.1 — 
50.1 86.5 — 
Other 2.8 0.0 — 
2.7 0.0 
^Bleached 50%. 
^Bleached 12%. 
^Bleached 54%. 
^Bleached 12%. 
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The most obvious qualitative conclusion from Table 10 is 
that lumichrome and A are much less sensitive to KI quenching 
than are the other photoproducts. Quantitative conclusions 
based on the Stern-Volmer equation can not be made from these 
results since the photolyses in the presence and absence of KI 
were not carried out during the same lighting of the lamp. 
Using a Stern-Volmer quenching constant of 50 for KI as re­
ported earlier (6 3), the fractional reduction in fluorescence 
according to the equation 
^ - 1 = Kg [KI] 
is 1.05 where K^ is the quenching constant, and and F are 
the fluorescence intensities in the absence and presence of 
quencher. 
Song and Metzler (63) have obtained quantitative evidence 
indicating that the decrease in the yield of lumichrome in the 
presence of phenol as quencher is equal or less than the de­
crease in fluorescence at the same quencher concentration. 
This is interpreted to mean that lumichrome arises from the 
excited singlet instead of the triplet state. Other products 
which have a decrease in yield greater than the decrease in 
fluorescence are suggested to arise largely from a triplet 
excited state, which because of its longer lifetime is more 
sensitive to quenchers. From their results. Song and Metzler 
suggested that of the major products, formylmethy1flavin and 
77 
"A" arise via a triplet. 
The presently reported results would support the idea 
that formylmethylflavin arises from a triplet, but would sug­
gest that because of the similarity in resistance to quenching 
of the yield of lumichrome and compound A, that A also arises 
from the excited singlet. Since the existence of compound C, 
which according to our results appears to arise from a triplet 
state, was not recognized by the former workers, their observed 
decreases in product yield for compound A would be altered 
because of contamination by compound C. Such contamination 
would lead to erroneous conclusions about the excited state 
origin of compound A. 
Photolysis on Thin-layer Plates 
-4 A solution of 10 M riboflavin which was photolyzed in 
water at neutral pH under anaerobic conditions was chromato-
graphed in one dimension using the ketone solvent. The plate 
was dried and exposed to filtered light from the mercury lamp 
for various times before being chromatographed in the second 
dimension using the ketone solvent again. 
Photolysis of RF on a silica gel plate resembles that in 
solution at neutral pH, but the yields of formylmethylflavin, 
A and C are much reduced and a large amount of a yellow-
fluorescing spot lying between formylmethylflavin and lumi-
chrome in the Ketone solvent is formed. The presence of acetic 
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acid stongly promotes formation of thàs substance, which we 
will call S. Compound S evidently arises from formylmethyl-
flavin, for it is the major product of photolysis of formyl-
methylflavin on plates in the presence of acetic acid. The 
of the compound showed some slight variation depending on 
whether acetic acid, propionic acid or butyric acid was present 
during photolysis. No derivative was formed in the presence of 
formic acid. 
Photolysis of A on plates gives rise to most of the series 
of products obtained from riboflavin, including S, but neither 
C nor its special photoproduct (see below) is formed. Compound 
C is less sensitive to light, but on prolonged irradiation 
gives lumichrome and S as well as smaller amounts of formyl-
methylflavin and B. At shorter times of irradiation, however, 
it is converted mostly into a faster-moving, yellow spot, pos­
sibly 20 (Figure 8). 
No attempt was made to identify the structure of compound 
S. Since the fluorescence of S was similar to that of ribo­
flavin or formyImethy1flavin, it is unlikely that it is a 
photochemically produced ring adduct as described by Hemmerich, 
Massey and Weber (109) . Compound S may be a derivative of the 
sidechain. Koziol (69) has photolyzed riboflavin aerobically 
in acetic acid and found a very rapid photobleaching took 
place. Chromatographic examination, however, showed only lumi-
chrome cind some lumi flavin. It can not be ascertained whether 
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compound S bears any relationship to the product between lumi-
chrome and formyImethy1f1avin observed by Song and Metzler (63) 
when riboflavin was photolyzed in aqueous solutions. 
Photolysis in Methanol 
In an effort to find conditions under which large yields 
of A and C could be obtained, it was found that partially 
anaerobic photolysis in anhydrous methanol proceeded rapidly 
with lumichrome and compound A being the major products in 
enhanced yields. Little or no compound C is produced. That 
compound A from photolysis in methanol and compound A from 
aqueous photolysis are the same was checked by carrying out 
each of the tests described later on samples of A obtained from 
both sources. 
Two conditions were found which were relatively rapid, and 
which gave useable yields of A or C free from contamination by 
the other: A is produced by partially anaerobic photolysis in 
methanol, and C is produced by anaerobic aqueous photolysis 
under alkaline conditions. 
Chemical Tests on Thin-layer Plates 
A photolysate of riboflavin obtained under anaerobic con­
ditions at neutral pH was chromatographed in one dimension 
using the ketone solvent. The plate was sprayed with a chem­
ical reagent dissolved to saturation in methanol, and the plate 
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developed in the second dimension using the ketone or BAW 
solvent system. The following results were observed. 
Sodium borohydride reduction 
FormyImethy1flavin was reduced to a compound with the 
of hydroxyethylflavin in ketone and BAW solvents. Compound A 
was reduced to two products; one with the same R^ as ribo­
flavin in both solvents and another product with a slightly 
lower R^ than riboflavin. Compound C also yielded two products, 
one product with the R^ or riboflavin and another of slightly 
lower R^. The second reduced product of A and C is just barely 
resolved from riboflavin in the ketone solvent. 
Reduction was not carried out under exhaustive conditions, 
nor in the presence of light so that no 3,4-dihydroflavin was 
detected as reported by Muller, Massey, Heizmann, Hemmerich, 
Lhoste and Gould (114). Periodate cleavage of both reduction 
products of A produce fomylmethylflavin showing that boro­
hydride treatment has not altered the ring system. 
Authentic araboflavin, the expected diastereomer resulting 
from reduction of a 2'-ketoflavin has the same R^ as the second 
reduction product of C in the ketone solvent system. 
These results suggest that both A and C can be reduced 
back to riboflavin and a diastereomer. Consequently, both 
photoproducts must have a 5 carbon sidechain which has been 
oxidized. Considering the reactivity of borohydride, the most" 
likely oxidation level is that of a carbony1. 
I 
As expected, riboflavin was unreactive towards the sodium 
borohydride spray. 
Periodic acid cleavage 
Riboflavin and compound A were cleaved to give a compound 
with the Rg of formylmethylflavin. Compound C cleaved to give 
a product with the same R^ as carboxymethyIflavin. Other major 
photoproducts were unaffected. The results in both chromato­
graphic solvents were consistent and suggest that C is oxidized 
in the 2' position and that A is oxidized at some other site 
in the sidechain. 
Semicarbazide derivatization 
Formylmethylflavin and compound A reacted with a semi-
carbazide-HC.l spray to form a derivative with a lower R_ than 
the original compound. Other major photoproducts including C 
did not react. These results add further weight to the argu­
ment that in A, the sidechain is oxidized to contain a carbonyl 
group. The failure of C to react under these mild conditions 
may reflect protection of the 2' site due to interaction of 
the sidechain and ring system. 
Periodic acid cleavage of the reduction products of A and C 
Compounds A and C were isolated chromatographically from 
photolyses carried out in methanol and aqueous alkali respec­
tively. The compounds were reduced with sodium borotritide 
and washed on the R-15 resin to remove excess tritium. After 
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elution from the resin, the reduction products of both A and C 
where chromatographed in the ketone solvent. The reduction 
products were sprayed with periodic acid and chromatographed in 
the second dimension in ketone solvent. Both reduction prod­
ucts of A cleaved to give formylmethylflavin. Similarly, both 
reduction products of C cleaved to give formylmethylflavin. 
The reduction products of both A and C contained tritium, but 
only the formylmethylflavin resulting from the cleavage of C 
contained appreciable tritium. The results are summarized in 
Table 11. 
Table 11. The occurrence of tritium in the reduction products 
of A and C and in the FMF resulting from cleavage 
of an equal quantity of reduction products with a 
spray reagent of periodic acid. The background was 
25 cpm 
Reduction cpm above cpm above Percent 
products background background in of activity 
in reduction FMF produced remaining 
products by HIO^ cleavage in FMF 
Reduction 
products 
of A 96,907 2,999 3.1 
Reduction 
products 
of C 53,008 50,305 94.9 
These results are consistent with the suggestion that C is 
a 2'-ketoflavin and that A has a carbonyl group at another 
position in the sidechain. 
83 
Note also that the values reported in Table 11 indicate 
that the reduced compound C can be obtained in approximately 
95% purity and that reduced compound A can be prepared with 
less than 5% contamination from compounds containing tritium 
in the 2' position. This test, however, does not distinguish 
whether reduced A contains tritium in the 3', 4', or 5' posi­
tions, or any combination of these three positions. 
Carbonyl Derivatization of Solubilized A and C 
Compound A and C both form semicarbazones when solutions 
of these photoproducts are treated as described under Methods. 
The Rg in BAW of the semicarbazone of A is 0.30 and of C is 
0.35. Riboflavin is unreactive under these conditions. 
Attempts to Clarify the Structure of Compound A 
From the previous results, compound A could be a 3 ' - or 
4'-ketoflavin or a 5'-aldoflavin. The following experiments 
were undertaken to differentiate these possibilities. 
Detection of formaldehyde following periodate oxidation 
Oxidation of the sidechain of compound A produced formal­
dehyde as judged by a positive chromo trop i c reaction. Control 
experiments included oxidation of riboflavin which also gave 
formaldehyde and oxidation of formylmethy If lavin which gave no 
formaldehyde. The results are summarized in Table 12, and are 
at best only semiquantitative because of the difficulties in 
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—4 Table 12, Production of formaldehyde when 5 ml. RF (10 M) , 
FMF (10 ^M) , and compound A (betvzeen 10~^ and 10~^M) 
are oxidized by periodic acid- Formaldehyde produc­
tion is detected by reaction with chromotropic acid 
to produce a complex absorbing at 570 nm 
Flavin Absorption (at 570 nm) above the blank 
Compound A 
RF 
FMF 
0.012 
0,027 
0 . 0 0 0  
quantitatively collecting the formaldehyde. 
Periodate cleavage of the semicarbazone of A 
The semicarbazone of A was spotted on a TLC plate, sprayed 
with periodic acid and chromatographed. Formylmethylflavin was 
produced although the reaction did not proceed to completion. 
The control experiment using the semicarbazone of C was run on 
the same plate and the semicarbazone of C was found not to 
yield formylmethylflavin or carboxymethylflavin under the same 
conditions. 
The following interpretation of these results is given. 
Compound A can not be a 5'-aldoflavin since periodate cleavage 
of an aldehyde would yield 100% formic acid and no formaldehyde 
as experimentally detected. This would leave a choice between 
A being a 3'- or a 4'-ketoflavin. 
Abercrombie and Jones (115) have reported that phenyl-
hydrazones of sugars are cleaved by periodate in such a fashion 
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as to indicate that the bond between the alpha and beta carbons 
has been stabilized against periodate attack. 
M  
— c — c— 
Ô N 
H I 
Seitiicarbazones/ at least under the conditions used, appear to 
exhibit the same resistance to cleavage of the C^-Cg bond as 
indicated by the failure of the semicarbazone of C to react 
with periodate. The ability of periodate to produce formyl-
methylflavin from the semicarbazone of A can be understood by 
assuming that A is a 4'-ketoflavin. If the assumption that the 
nitrogen derivative stabilizes the C^-Cg bond is correct, then 
only the 4'-ketoflavin and not the 3'-ketoflavin will produce 
formylmethylflavin when oxidized by periodate. 
It must be cautioned however that these results are only 
suggestive and do not definitely prove that compound A is the 
4'-ketoflavin. Further, the results do not establish the 
extent to which the 3'- and 5'-carbonyl compounds might be 
present as contaminants. 
One other point needs clarification; namely, why does the 
semicarbazone of C not react with periodate, even though it has 
two potential sites of reaction? The reason for this is not 
clear, although the possibility of hydrogen bonding between the 
ribityl sidechain and the semicarbazide moiety might afford 
some protection. Even the semicarbazone of A gave only partial 
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cleavage when sprayed with amounts that would completely 
oxidize riboflavin and A itself. 
A potential technique for definitely establishing the 
structure of compound A is NMR. Moore and Baylor (8) have 
found that a dilute solution of deuterium oxide in trifluoro-
acetic acid sufficiently solubilizes riboflavin for NMR studies 
while at the same time giving workable resolution of the side-
chain protons. The reduction of compound A with sodium boro-
deuteride would produce riboflavin with deuterium on the carbon 
originally containing the carbonyl. Although the 3' and 4* 
protons are not resolved in Moore and Baylor's solvent, compari-
son of the spin-spin splitting of riboflavin and H-riboflavin 
protons might enable establishing the structure of compound A. 
Nijenhuis and Berends (116) have noted that at pH values 
below 5 lumichrome and lumiflavin underwent aromatic hydroxyla-
tion at position 6 or 9 in the benzenoid ring. It is not felt 
that this reaction is involved in producing any of the photo-
products studied here. The failure of any of the derivatives 
or oxidation products of A and C to show values differing 
from those of known standards would suggest that aromatic 
hydroxylation has not taken place. Again however, NMR could 
be used to demonstrate the presence of both aromatic protons 
in compounds A and C. 
It is appropriate that Terao and Hotta's isolation of the 
2'-ketoflavin be considered at this point. These authors 
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reported (61, 62) that they had obtained the 2'-ketoflavin 
tinder neutral, acidic, alkaline, aerobic and anaerobic condi­
tions, and that under anaerobic neutral conditions that their 
observed yield was as high as 50%. The presently reported 
results are not consistent with those of Terao and Hotta, in 
that in aqueous solutions, we have never observed such high 
yields nor have we observed very large amounts of the 2'-keto-
flavin to be produced under aerobic conditions. Excepting for 
the reported elemental analysis of the triacetyl ester of 
their isolated compound being in agreement with the compound 
being a ketoflavin with a five carbon sidechain, it would be 
suspected that they had isolated formylmethy1flavin which can 
be produced in relatively high yields under anaerobic condi­
tions. If they have isolated a ketoflavin, they have not shown 
it to be the 2'-ketoflavin. 
Alkali Sensitivity of Compounds A and C 
When 1 micro-litre of 2% tetramethylammonium hydroxide is 
added to 1 ml of neutral photolysate of riboflavin and the 
solution taken to dryness, and chromatographed, most of the 
spots are unchanged except formylmethylflavin which has now 
been partially converted to lumiflavin, and A and C which have 
largely disappeared. There is also an increase in the amount 
of compounds having values identical to spots 4 and 5 
(Figure 8). 
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When a solution of isolate A is held at pH 10 for 1 hour, 
neutralized and then chromatographed, the alkaline degradation 
products are predominantly compound 5, with slightly lesser 
amounts of lumiflavin and still lesser amounts of compound 4. 
When C is subjected to the same alkaline treatment, the 
major product is lumiflavin with only small amounts of com­
pounds 4 and 5 being produced. 
Compound C and formylmethylflavin, both of which contain 
a carbonyl function in the 2' position give predominantly lumi­
flavin upon alkaline hydrolysis. 
The alkaline hydrolysis of formylmethylflavin has been 
studied and described in the literature (75). The major side-
chain fragment is formic acid, suggesting a possible attack of 
the hydroxyl on the carbonyl carbon. A similar reaction could 
occur when C is treated with alkali. A possible mechanism for 
this reaction is illustrated in Figure 9. A cyclic inter­
mediate is suggested which could, by resonance, place a posi­
tive charge on N-10. A positive charge at this position would 
help stabilize the proposed transient carbanion. Such a 
mechanism would predict erythronic acid as being the sidechain 
fragment from C. No effort was made to locate this fragment 
because of the small amounts of C and consequently fragment 
available. Song and Metzler (63) have reported detecting 
erythronic in a riboflavin photolysate. 
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Figure 9. A possible mechanism for the formation of 
lumiflavin (LF) by the alkaline hydrolysis 
of flavins containing a 2' carbonyl 
functional group 
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The more complex variety of products obtained with com­
pound A could reflect any of the following: 
1) Compound A is a mixture of compounds. 
2) Alkali promotes Lobry de Bruyn type isomerizations to a 
greater extent with A than C yielding a number of products 
which could in turn give further reactions. 
3) The carbonyl function being farther removed from the isoal-
loxazine ring in A would encounter less steric resistance to 
participation in aldol type condensations. 
4) If the ring system were critically involved in cleavage to 
lumiflavin then perhaps a 4' carbonyl would be in a less favour­
able position to react than a 2' carbonyl, so that isomeriza-
tion and aldol condensation would have a better chance to com­
pete with the cleavage reaction. In addition, we cannot write 
a stabilized carbanion intermediate for the 4'-carbonyl com­
pound as we can for the 2'-carbonyl compound. 
5) Any or all of the above. 
The alkali sensitivity of A and C was noted only as a 
practical problem to be considered when working with compounds 
A and C. 
Microbiological Activity 
Neither A nor C could support growth of Lactobacillus 
casei. The reduced product of both A and C which was identi­
fied chromatographically to be riboflavin supported 
L. casei growth near the same levels as a standard riboflavin 
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solution of the same concentration. The diastereomers obtained 
upon reduction were not bioassayed. The results are presented 
in Table 13. 
Table 13. Ability of A, C and their reduced products to sup­
port the growth of L. casei. Each value is an 
average of two assay tubes 
Average percent trans-
mittance : below blank 
Assay Concentration Assay Standard 
flavin (yg/assay tube) flavin riboflavin 
A 0.05 0.0 18.9 
0.10 0.0 32.7 
C 0.05 0.0 32.7 
0.10 0.0 49.7 
Reduced A 0.05 8.5 18.9 
0.05 18.2 32.7 
0.10 20.1 32.7 
0.10 29.4 49.7 
Reduced C 0.05 18.5 18.9 
0.05 22.2 32.7 
0.10 37.0 32.7 
0.10 57.5 49.7 
The recovery of biological activity when A and C are re­
duced is in agreement with the proposal that these photopro-
ducts contain five-carbon sidechains with one of the positions 
being oxidized to a carbonyl function. The failure of reduced 
A to show the full biological activity expected may reflect 
the same sort of variability of a bioassay as seen for reduced 
C. Contamination by the observed diastereomer seems unlikely. 
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but if A is a mixture of compounds, an undetected and non-
biologically active diastereomer may be mixed in with the 
riboflavin. 
From a biological standpoint, it is interesting that 
neither A nor C are biologically active in L. casei. Using A 
14 
or C labelled in the ring system with C, it should be pos­
sible to determine whether this is because of an inability to 
penetrate the cell membranes. Testing of these photoproducts 
with the enzyme riboflavin kinase would indicate the extent to 
which the carbonyl sidechain interferes with enzymatic phos­
phorylation, an obligatory step if the flavins are to be bio­
logically active. 
There has been only one group of investigators (117, 118) 
who have reported any naturally occurring flavins with the side-
chain oxidized to the carbonyl level. These authors isolate 
what they believed to be a 5'-aldoflavin from Acetobacter 
aceti and found the compound to "annul vitaminic activity". 
The evidence for the structure of the compound was the forma­
tion of furfural when the compound was treated with mineral 
acids at a warm temperature. This work has not been confirmed 
in the literature, nor did we attempt to isolate the compound. 
.. 
Studies of the Photolysis Mechanism 
Oxidation of the photolysate in the absence of oxygen 
In order to explore the possibility that oxygen may be 
involved in the oxidation of the sidechain during the aeration 
of a photolyzed solution, anaerobic photolysates were oxidized 
by ferric ion before oxygen was admitted to the solution. 0.5 
ml of 10 FeClg was held in the side arm of a Thunberg tube 
while 4 ml of 10~^m riboflavin was photobleached about 50%. 
The tube was inverted and the absorption at 445 nm read before 
and after aeration. A control experiment contained only water 
in the sidearm. The products of both photolyses were compared 
chromatographically. The following observations were noted; 
1) Addition of oxygen to a photolysate previously reoxidized 
by ferric ion resulted in no additional colour return. 
2) The products in the photolysate oxidized with oxygen and 
in that oxidized with ferric ion were identical qualitatively 
and quantitatively as far as could be judged by visual compari­
son of fluorescence on the chromatograms. 
It is to be concluded from these results that the majority 
of sidechain products are not dependent for their formation 
upon the presence of oxygen or any active species of oxygen 
produced during aeration. This same conclusion might have been 
reached by noting that aeration of chemically reduced ribo­
flavin does not produce products with modified sidechains when 
aerated (56). Nevertheless, the oxidation of the photolysate 
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with ferric ion was necessary to show that any radical left 
on the sidechain as a result of oxidizing a cyclic reduced 
flavin would not react with oxygen. 
3 Photolysis of H-riboflavin 
3 Reduction of the two photoproducts A and C with NaB 
provides a convenient method for specifically labelling two of 
the sidechain positions of riboflavin. The tritiated ribo­
flavin can then be rephotolyzed, the products chromatographed, 
and each photoproduct can then be examined for the presence of 
tritium. From the results, some information might be gained 
about the mechanism of photolysis. 
3 14 Whenever H-riboflavin was photolyzed, some 2- C-ribo-
flavin was added and photolyzed simultaneously as a reference. 
The ratio of ^H/^^C was obtained for each photoproduct. This 
3 14 
ratio was then divided by the H/ C ratio in the unphotolyzed 
riboflavin to give the fraction of tritium still present in 
the photoproduct. 
For convenience in preparing tables, the tritiated ribo­
flavin obtained from reduced A will be referred to as 4'-^H-
riboflavin, and the tritiated riboflavin from reduced C will 
be referred to as 2'-^H-riboflavin. 
Typical results for the photolysis of 2'-^H-riboflavin 
(obtained from the reduction of C) are shown in Table 14, and 
the results from the photolysis of 4'-^H-riboflavin (obtained 
from the reduction of A) are shown in Table 15. Only the major 
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Table 14. The fraction of tritium remaining in the major 
photoproducts resulting from the photolysis of 
(obtained from reduction of C with NaB^H.). 
The neutral photolysis was carried to 47% bleaching 
at pH 6.5 under anaerobic conditions. The alkaline 
photolysis was carried to 52% bleaching at pH 9.8 
under anaerobic conditions. Filtered light was 
used in both photolyses 
Product Fraction of tritium Fraction of tritium 
remaining after remaining after 
neutral photolysis alkaline photolysis 
RF (unphotolyzed) 1.00 1.00 
RF (photoproduct) 1.12 0.95 
LC 0.00 0.00 
FMF 1.06 0.90 
LF — — 
A 0.98 
C - 0.00 
Table 15. The fraction of tritium remaining in the major 
photoproducts resulting from the photolysis of 
4'-^H-RF (obtained from the reduction of A with 
NaB^H^). The neutral photolysis was carried to 46% 
bleaching at pH 6.3 under anaerobic conditions. 
The alkaline photolysis was carried to 48% bleaching 
at pH 10.3 under anaerobic conditions. Filtered 
light was used in both photolyses 
Product Fraction of tritium Fraction of tritium 
remaining after remaining after 
neutral photolysis alkaline photolysis 
RF (unphotolyzed) 1.00 1.00 
RF (photoproduct) 1.04 0.99 
LC 0.00 0.00 
FMF 0.00 0.00 
LF - 0.00 
A 0.29 
C — 0.98 
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products were examined. » 
The proximity of A and C made it difficult to get a 
direct measurement of the ratio in C. The ratio for A 
in Tables 14 and 15 was obtained by scraping the upper portion 
of the A region on the chromatogram to assure minimal contam­
ination by compound C. 
To separate compound C from compound A, use was made of 
the fact that C does not react on chromatograms with a spray 
of semicarbazide-HCl as does A. Photolysates were chromato-
graphed in one dimension, sprayed with semicarbazide-HCl and 
rechromatographed in the second dimension. The semicarbazone 
of A was scraped and the ratio compared with that of A 
itself. The remaining product (C) was again sprayed with semi­
carbazide-HCl, eluted, rechromatographed and scraped for liquid 
scintillation counting. The results are summarized in Table 
16. 
Although repetition of the experiments involving the 
photolysis of tritiated riboflavin produced numerical values 
that varied by as much as + 15% from those cited in Tables 14 
and 15, the following generalizations were consistently ob­
served: 
1) When 2'-^H-riboflavin was photolyzed, formylmethylflavin 
always retained a high fraction of tritium under both neutral 
and alkaline photolysis conditions. Compound A also retained 
a high tritium fraction whereas compound C had a low tritium 
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Table 16. The fraction of tritium remaining in compound A, 
the semicarbazone of A, and in C. All photolyses 
were anaerobic using filtered light. The solution 
of 2'-^H-RF was bleached 69% at pH 7.1. The photo­
lysis of 4'-^H-KP was bleached 47% at pH 6.3 
Compound 
A 
Semicarbazone of A 
C 
Fraction of tritium 
remaining after 
photolysis of 
2'-^H-RF 
0.98^ 
1.05 
0.29 
Fraction of tritium 
remaining after 
photolysis of 
4'-^H-RF 
0.29^ 
0 . 2 6  
0.93 
^Value taken from Table 14. 
^Value taken from Table 15. 
fraction (approximately 30%) under neutral photolysis condi­
tions and retained none of the tritium under alkaline condi­
tions . 
2) When 4riboflavin was photolyzed, formylmethylflavin 
retained none of the tritium label under any condition of 
photolysis. Compound A retained a low fraction (approximately 
25-30%) of the tritium under neutral photolysis conditions and 
compound C retained most of the tritium label under neutral 
and alkaline conditions. 
3) As expected, lumichrome and lumiflavin contained no label 
under any of the conditions examined. 
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4) The tritium content of unphotolyzed riboflavin and of the 
riboflavin remaining in the photolysate was approximately the 
same. 
Before analyzing these results, it is advisable that we 
evaluate the extent to which artifacts might be involved. 
3 14 Firstly, as evidenced by the closeness of the H/ C ratio 
of the riboflavin before and after photolysis, most of the 
labile tritium has been removed from the photolysate by washing 
the flavin while bound to the R-15 resin. 
Secondly, we must consider the purity of the starting 
compounds. Freedom of the 2riboflavin from any extensive 
contamination seems established by the full recovery of tritium 
in formylmethylflavin produced during neutral and alkaline 
photolysis, and no recovery of tritium in C produced by alka­
line photolysis of 2riboflavin. Again however, we find 
no suitable criterion to judge whether the 4'-^H-riboflavin is 
contaminated by the 5' or 3' analogues. 
Thirdly, resolution of A and C is sufficiently good that 
scraping the upper portion of the A region should ensure com­
plete freedom from contamination by C. This is evidenced by 
the near identical fraction of tritium remaining in A and the 
semicarbazone of A. 
Finally, the reproducibility of the results must be con­
sidered. Although some variability was seen, the general pat­
tern as listed earlier was consistently observed. More 
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extensive washings than those generally used appeared not to 
have any effect on the tritium distribution. Radioactivity 
counts were always for times long enough that the counting 
statistics would be at the 95% confidence level or better. 
The following interpretation is offered to explain the 
results obtained from the photolyses of ^H-riboflavin. 
Consider the production of ^H-formylmethylflavin when 2'-
riboflavin is photolyzed. If we accept the idea that the 
primary photochemical event is the abstraction of a hydrogen 
from the sidechain by the ring system, then it is tempting to 
suggest that abstraction occurs from the 2' carbon. This idea 
had two origins. The early literature postulated the exis­
tence of a 2'-carbonyl compound which would upon alkaline 
hydrolysis give lumiflavin. The report by Terao (62) and 
Hotta (61) of having isolated the 2'-ketoflavin and that this 
compound did yield lumiflavin upon alkaline hydrolysis gave 
support to the idea that abstraction did occur from the 2' 
position. The discovery of formylmethylflavin (the 2* alde­
hyde) as a major intermediate photoproduct (56) and the evi­
dence that it degraded in the presence of alkali to lumiflavin 
(75) seemed to further substantiate the idea that abstraction 
might occur from the 2' carbon even though no mechanism has 
appeared in the literature to explain how formylmethylflavin 
could be produced from riboflavin by such a 2' abstraction. 
2' abstraction was also appealing since a chemically favourable 
six membered ring transition state could be written. 
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The presently reported work does not support the idea that 
fomylmethylflavin is produced by abstraction of the 2' hydro­
gen. If this were so, photolysis of 2'-^H-riboflavin would 
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not lead to H-formylmethylflavin as experimentally observed. 
It can be proposed that abstraction from the 3' carbon would 
lead to formylmethylflavin as shown in Figure 10. This pro­
posal was also offered by Moore and Baylor (8) to account for 
their observation that excepting for the photolysis of formyl­
methylf lavin itself, only the photolysis of flavins containing 
a hydroxy1 on the 2' and 3' carbons produce photoproducts with 
a formylmethyl sidechain. 
McBride and Metzler (73) have reported that formylmethyl-
flavin may be produced in small yields or as a transient during 
the photolysis of hydroxyethyIflavin, but it could be detected 
only if a carbonyl derivitizing reagent is present during 
photolysis to trap the foirmylmethy If lavin as it is produced. 
Since it has been suggested from theoretic calculations 
(25) that in the triplet state N-1 has more spin density than 
N-5 and that the hydrogen abstracted must be coplanar with the 
ring system (24), and since space-filling models indicate that 
sidechain hydrogens can be coplanar only to N-1, Figure 10 has 
been shown to represent abstraction by N-1, with eventually 
glyceraldehyde being produced as a sidechain fragment as ob­
served (76, 77). In keeping with the polarographic evidence 
(8, 51, 72) indicating that probably a reduced, cyclized 
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Figure 10. A proposed mechanism for the production 
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product is formed, conversion is shown of the formylmethyl-
flavin semiquinone to the fully reduced cyclized formylmethyl-
flavin. Oxidation of either species would produce formyl-
methylflavin. 
A second possibility is that the diradical species, I, in 
Figure 10 couples before chain cleavage to produce a cyclized 
reduced flavin but still with a five-carbon sidechain. Upon 
oxidation, the sidechain radical is again generated and only 
then fragments in a manner analagous to that described in 
Figure 10. At present, the experimental evidence can not dif­
ferentiate between these two radical mechanisms. Perhaps 
aeration in the presence of a high concentration of a radical 
scavenger, and comparison of the yield of formylmethylflavin 
in the presence and absence of scavenger might provide some 
information. 
A third possibility for the formation of formylmethyl-
flavin has been proposed by Moore and Baylor (8). Their sug­
gestion is that the diradical species, I, in Figure 10 couples 
to give a cyclized reduced flavin, but that upon oxidation a 
3'-ketoflavin is produced as shown in Figure 4. This 3'-keto-
flavin is suggested to be unstable in the environment of the 
isoalloxazine ring and to be degraded by an ionic mechanism to 
formyImethy1f1avin. No evidence is given for their proposed 
mechanism, but it does have the appealing virtue that it 
explains our failure to detect any 3' ketone (if in fact we 
have failed to do so) . It should be noted however that both 
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compound A and C, the postulated 4'-ketoflavin and 2'-keto-
flavin are not in a very different environment, have a similar 
structure to the proposed 3'-ketoflavin, and yet do not show 
any extreme lability. Both A and C, like formylmethylflavin 
are somewhat thermally unstable, but not of the order of magni­
tude predicted by Moore and Baylor's proposal. 
A fourth possibility for formylmethylflavin production 
can be proposed as shown in Figure 11. This mechanism postu­
lates a 4* hydrogen abstraction followed by beta cleavage of 
the C-2' - C-3' bond. Unlike the 3' hydrogen abstraction 
mechanism of Figure 10, the 4' hydrogen abstraction mechanism 
is more conventional in that a beta bond is cleaved instead of 
an alpha bond, and the leaving fragment is a non-radical. 
It should be noted, however, that this last mechanism can 
not account for the production of formylmethylflavin as a 
photoproduct of 7,8-dimethy1-10-(2',3'-dihydroxypropyl)isoal-
loxazine (8). This latter flavin is bleached about 7.5 times 
less efficiently than riboflavin itself (8) possibly indicating 
a different mechanism may be involved for the two flavins, that 
there are more possibilities for hydrogen abstraction from the 
ribityl sidechain, or that the conformation assumed by the 
ribityl sidechain in relation to the ring system affords some 
advantage for hydrogen abstraction. 
At present then, experimental evidence does not distin­
guish amongst the three radical mechanisms and the ionic 
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hydrogen abstraction during the photo­
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mechanism for formylmethylflavin production. Although abstrac­
tion of an hydro3Q^l hydrogen seems unlikely in view of the 
lack of an isotope effect when flavins are photolyzed in deu­
terium oxide, this possibility should not be entirely ignored. 
3 The experimental data obtained from the photolysis of H-
riboflavin is in general agreement with the proposal that com­
pound C (the 2'-ketoflavin) and compound A (the 4'-ketoflavin) 
would result from abstraction of a hydrogen from the 2' and 4' 
positions respectively. A mechanism similar to that shown in 
Figure 4 for the production of a 3 '-ketoflavin could be written 
for the production of the 2*- and 4*-ketoflavins. Certainly, 
the production of compound C under alkaline conditions when 2'-
^H-riboflavin is photolyzed shows a complete lack of tritium as 
would be expected following 2' hydrogen abstraction. 
Note, however, that both A (4'-ketoflavin) and C (2'-keto-
f l a v i n )  w h e n  o b t a i n e d  f r o m  a  n e u t r a l  p h o t o l y s i s  o f  4 r i b o ­
flavin and 2'-^H-riboflavin respectively still contain signifi­
cant tritium even though we would predict no tritium if A arose 
solely from abstraction at the 4 ' position and C arose solely 
from abstraction at the 2' position. 
The experimental results might be expected if during the 
lifetime of the sidechain radical, some hydrogen migration 
occurred. The predicted fraction of tritium remaining, con­
sidering the various types of hydrogen migration, are shown in 
Tables 17 and 18. 
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Table 17. Fraction of tritium remaining in compound A fol­
lowing radical hydrogen migration in the sidechain 
during photolysis 
Position of Migration Fraction of tritium following 
H initially neutral photolysis of: 
abstracted Type From To 2'-^H-RF 4'-^H-RF 
Observed - - - 0.98 0.29 
4' None 1.00 0.00 
5' 1,2 4' 5' 1.00 1.00 
3' 1,2 4' 3' 1.00 1.00 
2' 1,3 4' 2' 0.00 1.00 
Table 18. Fraction of tritium remaining in compound C fol­
lowing radical hydrogen migration in the sidechain 
during photolysis 
Position of Migration Fraction of tritium following 
H initially neutral photolysis of; 
abstracted Type From To 2'-^H-RF 4'-^H-RF 
Observed - - - 0.29 0.93 
2' None 0.00 1.00 
3' 1,2 2' 3' 1.00 1.00 
4' 1,3 2' 4' 1.00 0.00 
5' 1,4 2' 5' 1.00 1.00 
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Radical hydrogen migrations of the 1,2 type can probably 
be ignored because of their unlikelihood of occurrence in solu­
tion (119). It is apparent from Tables 17 and 18 that 1,3 and 
1,4 migrations which are theoretically possible have the effect 
of making the predicted tritium fractions closer to the ob­
served fractions. 
Whether or not compound A is produced partly by 1,3 migra­
tion can be tested experimentally. If compound A, obtained by 
the photolysis of 4'-^H-riboflavin, is oxidized by periodate, 
the resulting formylmethylflavin will contain tritium if a 1,3 
migration has occurred. 
Isotope effects preclude any conclusions as to the extent 
of hydrogen migration, but when isotope effects are considered, 
hydrogen migration would be predicted to be even higher than 
the fractions observed. There seems to be no reported litera­
ture concerning hydrogen radical migration in carbohydrates, 
but from the literature on hydrogen radical migration in 
alkanes (119) , we would not expect the high degree of migration 
apparently observed. It is therefore important that we be 
aware of other interpretations of the data. 
The tritium content of C is found to vary from the pre­
dicted fraction that would result from a 2' hydrogen abstrac­
tion only when C is obtained from a photolysis in which com­
pound A is present. The separation of A from C by forming the 
semicarbazone of A may not have been complete, although the 
I 
I 
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obtaining of a tritium fraction of 0.93 for C when 4'- H-ribo-
flavin is photolyzed (Table 16) suggests that C is not highly 
contaminated. The presence of as yet undetected photoproducts 
can not be excluded. 
As we have repeatedly emphasized, it is more difficult to 
determine the purity of A. Freedom from contamination by C is 
guaranteed by using only the upper fraction of the A region. 
Since the 3', 4' and 5' carbonyl compounds most likely 
have very similar chromatographic migration properties, and 
their derivatives would also be very similar (as evidenced by 
the similarity of derivatives of A and C) compound A could be 
a mixture of these carbonyl compounds. The presence of such a 
mixture could account for the residual tritium when "4'-^H— 
riboflavin" is photolyzed. For example, the 3'-ketoflavin 
produced as a photoproduct of 4riboflavin would be tri-
tiated and might not be distinguishable from a non-tritiated 
4'-ketoflavin. 
The final answer as to whether or not A is a mixture of 
compounds containing oxidized five-carbon sidechains must wait 
until sufficiently large samples of deuterated compound, ob­
tained by reduction, are available and sufficiently free of 
borate complexes that the NMR spectrum can be resolved. 
An indirect approach would be to examine quantitatively 
the periodate oxidation products of A, semicarbazone of A, and 
tritiated riboflavin obtained from reduction of A. 
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Unfortunately, the small amount of A and products produced 
makes quantitative studies extremely difficult. 
Effect on pH-on Photolysis Rate 
Figure 12 shows the influence of pH on the time required 
to reach 10% and 20% bleaching under anaerobic conditions. A 
bleaching curve (absorption at 445 nm vs time) was plotted for 
each solution photolyzed, and from this curve the times 
required to obtain 10 and 20% bleaching was read. The pH of 
all solutions was measured after photolysis. Unbuffered solu­
tions were aerated with 100% oxygen and a combination electrode 
was lowered into the Thunberg tube containing the photolysate. 
In this manner, the influence of dissolved carbon dioxide was 
minimized. Repeated degassings and aerations in this way gave 
reproducible results +0.2 pH units. 
As all buffers used were the same concentration (10 ^M) 
and the flavin concentration was kept approximately constant 
—4 (0.8 X 10 M) , the results indicate that pH and the nature of 
the buffer employed affect the results, particularly in the 
neutral, acidic and slightly alkaline regions. 
The results also demonstrate that alkaline solutions are 
bleached much more rapidly than acidic solutions. At pH values 
above 8 and below 3, the rate begins to decline. The most 
outstanding feature of the pH dependence curve is the drop in 
rate which occurs between pH 8 and pH 3. Weatherby and Carr 
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Figure 12. Effect of pH on the time required to reach 
10% and 20% bleaching of an 8 X 10 
riboflavin solution. . All buffers were 10 M 
10% bleaching 
X 20% bleaching 
«'1»« acetate buffer 3 phosphate buffer 
.'2'' borate buffer ..4«- tris buffer 
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(120) have also observed this decline in rate for riboflavin 
catalyzed photooxidations. 
The following possibilities are considered as explanations 
of the observed pH profile of photolysis. 
1) The decline in photolysis rate below pH 3 may be due to 
protonation of the isoalloxazine ring to give the nonfluores-
cent cation. The proton on N-1 would prevent hydrogen abstrac­
tion by the ring. The pK of the ground state oxidized form is 
approximately -0.2 (121) but using fluorescence techniques, 
Kuhn and Moruzzi (122) estimated erroneously that the pK was 
1.7. Kuhn and Moruzzi neglected to consider acid quenching of 
the excited state as discovered by Weber (48). Even when the 
shortening of the excited singlet lifetime is considered, Weber 
has pointed out that the pH profile of fluorescence indicates 
that the pK of the excited singlet state is higher than that 
of the ground state. The pK of the triplet in this region is 
comparable to that of the ground state (40). 
Chloride ion quenching when HCl is used may occur, but 
salt effects have not been observed (80) during photolysis in 
the presence of 0.01 M KCl although 0.2 M NaCl reduced fluores­
cence intensity by 23% (33). 
The suggestion that protonation of riboflavin and the 
shortening of the excited state lifetime by quenching are 
responsible for the decline in photolysis rate is supported by 
the observation (33, 34, 48) that fluorescence quenching and 
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photolysis inhibition have a similar pH profile in the strongly 
acidic region. 
2) In the alkaline region, deprotonation of the groimd state 
molecule at N-3 to produce the nonfluorescent anion of ribo­
flavin gives rise to a pK at about 10. Photobleaching also 
indicates a pK in this region. Weatherby and Carr (120) have 
observed that riboflavin catalyzed photooxidative decarboxyla­
tion of dihydrophthalates shows a declining rate at pH values 
greater than 8, and that N-3 substituted flavins do not show 
this decline. These results suggest that in both photo-
bleaching and riboflavin catalyzed photooxidations, that ion­
ization at N-3 is responsible for the slower rates at pH values 
higher than 8. 
3) A more challenging problem is to explain the reduction in 
rate between pH 3 and 8. There appears to be two changes 
taking place which center around pH 4 and 6.5. There are no 
known pKs of oxidized flavins which exist in this region. A 
number of possibilities exist that might explain the pH profile 
between pH 3 and 8. 
(a) From the influence of pH on product distribution, it 
will be recalled that at neutral and acid pH values, both A 
and C are photoproducts, but under alkaline conditions, only C 
was produced. Further recall that C is believed to be produced 
via a triplet and A via a singlet. It is tempting to suggest 
that the enhancement in rate in going to alkaline solutions is 
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a result of an increase in the efficiency of intersystem 
crossing. Although this idea is attractive both because it 
would explain the decrease in A and the increase in rate if 
most products come via a triplet, this explanation seems un­
likely since intersystem crossing is already high (24, 44), 
the phosphorescence has not been observed to change signifi­
cantly between pH 7.0 and 9.3 (35), the triplet halflife does 
not vary greatly with pH between pH 2 and pH 12 (37), and 
fluorescence is almost constant between pH 3.8 and 7.7 (33, 
34, 48). 
Nevertheless, it may prove profitable to compare the 
sensitivity to quenchers of lumichrome and formylmethylflavin 
production under alkaline conditions. In view of the large 
difference in sensitivity at neutral pH, any change in their 
relative sensitivity could suggest that one or both products 
is originating partly from a different excited state than under 
neutral conditions. A decrease in sensitivity of formylmethyl­
flavin production to quenchers indicates that an increased 
yield of triplet is resulting, that the triplet is shorter 
lived, or that formylmethylflavin is coming partly from the 
singlet under alkaline conditions. 
(b) Since not only pH, but also the buffers used will 
influence the rate of photolysis, it is possible that pH is 
affecting some post-hydrogen-abstraction reaction. 
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One possibility is that under alkaline conditions, one or 
more of the photoproducts which normally inhibits photo-
bleaching is converted to an extremely photolabile compound 
which can be subsequently degraded to lumichrome or some other 
product that might not inhibit photolysis. 
If removal of an inhibitory product were responsible for 
the accelerated alkaline photolysis, then we would expect that 
the initial bleaching rate would be independent of pH. This 
has not been observed to be the case; the initial rate is 
higher under alkaline conditions. 
Similarly, we might imagine that during the photolysis, 
some species is produced which would accelerate the reaction. 
For example, the reduced flavin having a pK at 6.2 which is 
close to the observed pK, might be imagined to complex in some 
fashion with the oxidized flavin in a manner that would pro­
mote photolysis. Again however, the production of an accel­
erating product would predict pH independent initial rates, or 
at least an observable lag phase during initial alkaline photo­
lysis. These are not observed. 
(c) As the physical properties of the excited states do 
not seem to change in the slightly alkaline region, and as 
post-hydrogen-abstraction reactions cannot explain an initial 
rate increase in alkaline solution, it appears necessary to 
consider events of the hydrogen abstraction itself. 
Firstly, are the alpha hydrogens being abstracted in 
alkaline solution? Alkaline photolyses in deuterium oxide 
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have not been explored carefully. 
Secondly, to what extent does the conformation of the 
sidechain play a role in determining photolysis products and 
rates? Perhaps the reason that certain products are favoured 
and the rates vary depending upon pH, or solvent may ultimately 
be a consequence of the sidechain conformation and sidechain 
interaction with the ring system. This idea of sidechain-ring 
interaction is not new, and has been proposed by Tollin (22) 
to explain variations in CD with solvent, by Ehrenberg and 
associates (21) to explain some ESR studies, and by Green and 
Tollin (90) to explain the differences between riboflavin and 
lumiflavin photoreactions in alcohols. 
The possibility of sidechain-ring interaction having an 
influence on the direction and rate of photolysis would depend 
on (i) whether a strong enough interaction exists to maintain 
the sidechain primarily in one fixed conformation, (ii) whether 
the forces holding these two moieties together are pH dependent 
and (iii) whether formation of the sidechain-ring complex would 
in any conceivable fashion alter the availability of hydrogens 
for abstraction. Unfortunately, experimental information on 
these matters is not available. 
The nature of the sidechain-ring association is not 
obvious. Space-filling models show that hydrogen bonding be­
tween the sidechain hydroxyIs and N-1 and/or the oxygen on C-2 
might occur. The pK observed around 6 could be a result of 
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protonation of N-1 or the C-2 oxygen which might alter hydro­
gen bonding. As discussed earlier, protonation of N-1 prob­
ably occurs at a lower pH than 6 and would be expected to slow 
photolysis instead of accelerate it. Protonation of the C-2 
oxygen might occur by carboximide-iminol tautomerization 
favouring the iminol form under alkaline conditions, although 
it is certainly not clear why this should be. The variable 
effect of buffers would then be explained not only by their 
effect on pH but by their ability to disrupt the sidechain-
ring interaction. 
In view of the fact that a maximum of only two hydrogen 
bonds can be formed and that the extent to which the C-2 oxygen 
is in the iminol form is not known, the above proposal must be 
considered highly speculative. A study of the influence of pH 
on the photolysis rate of w-hydroxyalkylflavins and on the rate 
of lumiflavin photoreduction might provide some information. 
(e) Hemmerich (Konstanz, Germany) has proposed in a 1970 
private communication that the slowing of the photolysis rate 
in the weakly acidic region is a result of protonation of the 
excited triplet state. This proposal has some advantages. 
For example, if triplet state reactions were slowed with in­
creasing acidity, then products originating from the singlet 
excited state become more pronounced. This would explain why 
compound A is detected under neutral and acidic conditions 
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but not under alkaline conditions; namely, that under alkaline 
conditions, only the rate of triplet reactions has been 
accelerated and the much slower singlet state reactions have 
not time to produce a significant amount of products. 
The site on the triplet molecule that is protonated was 
not proposed by Hemmerich, nor was it explained how a pK 
around 6.5 for protonation of the excited triplet was consis­
tent with the work of Lhoste, Haug and Hemmerich (40) sugges­
ting that the triplet pK was close to and perhaps even slightly 
lower than that of the ground state. Until the pK for protona­
tion of the triplet is definitely established, the role of 
such protonation in affecting the rate of photolysis can not be 
properly evaluated. 
Before terminating our discussion on pH effects, we should 
at least recognize another unexplained problem. It has been 
proposed that compound A (4'-ketoflavin) may come from a 4* 
hydrogen abstraction by an excited singlet, and formylmethyl-
flavin may come from a 4 ' hydrogen abstraction by a triplet. 
Both products would result from beta bond cleavages of the 
radical left on the sidechain by hydrogen abstraction, but in 
the case of formylmethylflavin production, a C-C bond is 
cleaved, and in the case of the 4'-ketoflavin, an 0-H bond is 
broken. It is not readily apparent why the multiplicity of 
the excited state should affect the type of cleavage in the 
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sidechain radical. Moreover, compound C (2'-ketoflavin) which 
is produced via a triplet involves 0-H beta cleavage. 
The above dilemma can partly be avoided by suggesting 
that the singlet state also gives rise to some formylmethyl-
flavin, but that the contribution of such a singlet mechanism 
towards the overall yield of formylmethylflavin might be too 
small to be readily detected. This type of argument cannot be 
used to explain the cleavage of the 4' radical of triplet 
origin, since no A is detected and only the C-C beta bond 
cleavage appears to occur. From bond energies it might be 
expected that C-C bond breakage would be preferred over 0-H 
bond breakage, but it would be inconsistent to propose that 
the sidechain radicals generated by singlet and triplet hydro­
gen abstractions behave differently. 
We are forced to consider that some interaction with the 
ring radical has an influence on the course of the sidechain 
radical reaction, or that the 4' abstraction mechanisms are 
not valid routes leading to formylmethylflavin and/or a 4'-
ketoflavin. 
The author feels that more profitable speculation must 
await experimental results which provide answers to some of 
the numerous and fundamental questions connected with ribo­
flavin photophysical and photochemical processes. 
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SUMMARY 
In the course of the above study, the following results 
were obtained: 
(1) Compound A, previously observed by other investigators as 
a photoproduct of riboflavin, was found to contain a five 
carbon sidechain with the 3 ', 4 ' or 5' positions oxidized to a 
carbonyl function. Based on the products obtained by periodate 
cleavage of compound A and its semicarbazone, the structure of 
A was felt to be that of a 4'-ketoflavin although contamination 
by the 3'-ketoflavin and the 5'-aldoflavin could not be ex­
cluded. 
(2) Compound C which has not been previously recognized as a 
distinct photoproduct was characterized as 7,8-dimethy1-10-
(1'-deoxy-D-erythro-2'-pentulosyl)isoalloxazine. This compound 
is commonly referred to as the 2'-ketoflavin. 
(3) Compound C was produced under acidic (pH 4) , neutral 
(pH 7) and alkaline (pH 10) conditions, but compound A was 
produced only under acidic and neutral conditions. 
(4) Evidence was obtained suggesting that compound A as well 
as lumichrome are produced from an excited singlet state, 
whereas compound C and formylme thy 1 flavin are generated from a 
triplet state. 
(5) Compound C, like formylmethy 1 flavin, was observed to give 
lumiflavin upon alkaline hydrolysis. A mechanism is produced. 
Compound A was also alkali sensitive, but yielded more than 
120 
one major product, none of which were characterized except 
lumiflavin. 
(6) Reduction of compounds A and C with sodium borotritide 
produced riboflavin and a diastereomer containing tritium in 
the sidechain. Photolysis of the tritiated riboflavin gave 
evidence that the production of formylmethylflavin does not 
occur by alpha hydrogen abstraction from the 2' position. The 
photoproduction of formylmethyIflavin by 3' and 4' alpha hydro­
gen abstractions is proposed and discussed. Photolysis of the 
tritiated riboflavin also provided evidence that the excited 
isoalloxazine ring system abstracts hydrogen from at least two 
different positions on the sidechain. 
(7) The pH profile of the rate of riboflavin photolysis was 
determined. Various possibilities for interpreting this pro­
file are discussed. 
(8) The pathway for the photolysis of riboflavin, as would be 
consistent with the present and previous studies is summarized 
in Figure 13. 
121 
Riboflavin (S^) 
Lumi chrome 
Norrish 
Type 
Phote^&l 
hv 
Fluorescence 
(530 nm) 
Riboflavin (S,) i abstrl % Compound A 
5 ? (4'-ketoflavin) 
Riboflavin 
+ Heat absts 
3'-ketoflavin and 
5'-aldoflavin 
Fo rmyImethyIf1avin 
Phosphores cence 
(605 nm) tr 
Riboflavin (T^^) 
abst: 
Riboflavin (S ) 
+ Heat 
Figure 13. A summary scheme of the photophysical and 
photochemical events involved in the photo 
bleaching of riboflavin 
S = Ground state singlet 
= Lowest excited singlet 
= Lowest Triplet 
122 
literature cited 
1. IUPAC-IUB Commission on biochemical nomenclature tenta­
tive rules. J. Biol. Chem. 241: 2987. 1966. 
2. Beinert, Helmut. Flavin coenzymes. In Boyer, Paul D., 
Lardy, Henry and Myrback, Karl, eds. The Enzymes. Vol. 
2. P. 339. New York, New York, Academic Press, Inc. 
1960. 
3. Hemmerich, P., Veeger, C. and Wood, H. C. S. Progress 
in the chemistry and molecular biology of flavins and 
flavocoenzymes (1). Angew. Chem. Int. Ed. 4: 671. 1965. 
4. Penzer, G. R. and Radda, G. K. The chemistry and bio­
logical function of isoalloxazines (flavins). Quart. 
Rev. (London) 21: 43. 1967. 
5. Ehrenberg, A., Muller, F. and Hemmerich, P. Basicity, 
visible spectra, and electron spin resonance of flavo-
semiguinone anions. Eur. J, Biochem. 2: 286. 1967. 
6. Tanaka, Nobuo, Ashida, Tamaichi, Sasada, Yoshio and 
Kakudo, Masao. The crystal structure of riboflavin 
hydrobromide monohydrate. Bull. Chem. Soc. Jap. 40: 
1739. 1967. 
7. Suelter, Clarence H. and Metzler, David E. The oxidation 
of a reduced pyridine nucleotide analog by flavins. 
Biochem. Biophys. Acta 44: 23. 1960. 
8. Moore, William M. and Baylor, Charles, Jr. The photo­
chemistry of riboflavin. IV. The photobleaching of some 
nitrogen-9 substituted isoalloxazines and flavins. 
J. Amer. Chem. Soc. 91: 7170. 1969. 
9. Gibson, Q. H., Massey, V. and Atherton, N. M. The nature 
of compounds present in mixtures of oxidized and reduced 
flavin mononucleotides. Biochem. J. 85: 369. 1962. 
10. Draper, Roy D. and Ingraham, Lloyd L. A potentiometric 
study of the flavin semiguinone eguilibrium. Arch. 
Biochem. Biophys. 125: 802. 1968. 
11. Swinehart, James H. Kinetics of the flavin mononucleo­
tide system. J. Amer. Chem. Soc. 87: 904. 1965. 
12. Holrastrom, Bertil. Flash nhotoreduction of flavin mono­
nucleotide in neutral solutions. Absolute absorptivity 
of the semiguinone. Photochem. Photobiol. 3: 97. 1964. 
123 
13. Gibson, Q. H. and Hastings, J. W. The oxidation of 
reduced flavin mononucleotide by molecular oxygen. 
Biochem. J. 83: 368. 1962. 
14. Tanaka, N., Ashida, T., Sasada, Y. and Kakudo, M. 
Crystal structure of riboflavin hydrobromide monohydrate. 
Bull. Chem. Soc. Jap. 42: 1546. 1969. 
15. Pritchie, Charles J., Jr. and Trus, Benes L. The 
crystal structure of 10-methylisoalloxazine hydrobromide 
dihydrate:hydrogen bonding properties of protonated 
flavin. Chem. Commun. 1968: 1486. 1968. 
16. Dierkegaardf Peder, Norrestam, Rolf, Werner, Per-Erik, 
Ehrenberg, Anders, Eriksson, L. E. Goran and Muller, 
Franz. X-ray structure studies in some flavin 
derivatives. Chem. Commun. 1967: 288. 1967. 
17. Kierkegaard, Peder, Leijonmarck, Marie, Norrestam, Rolf, 
Torbjornsson, Lena and Werner, Per-Erik. Studies on 
flavin derivatives. II. X-ray structure investigations 
of two substituted isoalloxazinium iodides. Acta Chem. 
Scand. 23: 2197. 1969. 
18. Kierkegaard, P., Roennguist, O. and Werner, P. E. Flavine 
derivatives. Crystal structure of the non-planar, 
reduced molecule 5-acety1-9-bromo-1,3,7,8,10-pentamethy1-
1,5-dihydroalloxazine. Tetrahedron Lett. 1969: 4667. 
1969. 
19. Norrestam, Rolf, Kierkegaard, Peder, Stensland, Birgitta 
and Torbjornsson, Lena. 5-Acetyl-3,7,8,10-tetramethyl-l, 
5-dihydroalloxazine: crystal structure and extended 
Huckel calculations for different molecular geometries. 
Chem. Commun. 1969: 1250. 1969. 
20. Norrestam, Rolf, von Glehn, Marianne, Hagman, Lars-ove 
and Kierkegaard, Peder. Studies on flavin derivatives. 
III. The crystal and molecular structure of 9-bromo-5-
hydro-1,3,7,8,10-pentamethy1-1,5-dihydroalloxazine. Acta 
Chem. Scand. 23: 2199. 1969. 
21. Ehrenberg, Anders, Eriksson, L. E. Goran and Muller, 
Franz. Electron-spin resonance studies of flavins. In 
Slater, E. C. Flavins and flavoproteins. P. 37. 
New York, New York, American Elsevier Publishing Company, 
Inc. 1966. 
22. Tollin, Gordon. Magnetic circular dichroism and circular 
dichroism of riboflavin and its analogs. Biochemistry 
7: 1720. 1968. 
124 
23. Malrieu, Jean-Paul et Pullman, Bernard. Configuration 
spatiale et propriétés électroniques du noyau 
d'isoalloxazine. Theor. Chim. Acta 2: 302. 1964. 
24. Song, Pill-Soon. Chemistry of flavins in their excited 
states. In Kamin, H., ed. Flavins and flavoproteins. 
Baltimore, Maryland, University Park Press. 1970. 
25. Song, Pill-Soon. Electronic structures and spectra of 
flavins. An improved Pariser-Parr-Pople MO and semi-
empirical unrestricted Hartree-Fock computations. N. Y. 
Acad. Sci. Ann. 158; 410. 1969. 
26. Fox, J. Lawrence, Laberge, Stephen P., Nishimoto, 
Kichisuke and Forster, Leslie S. Electronic structures 
of lumazines and isoalloxazines. Biochim. Biophys. Acta 
136; 544. 1967. 
27. Miles, D. W. and Urry, D. W. Reciprocal relations and 
proximity of bases in flavin-adenine dinucleotide. 
Biochemistry 7; 2791. 1968. 
28. Koziol, Jacek. Studies on.flavins in organic solvents -
I. Spectral characteristics of riboflavin, riboflavin 
tetrabutyrate and lumichrome. Photochem. Photobiol. 
5; 41. 1966. 
29. Yagi, Kunio, Tabata, Toshikazu, Kotaki, Etsu and 
Arakawa, Takeo. Fluoremetric analysis of vitamins. II. 
Fluorescence spectra of riboflavine and similar fluores­
cent substances. Vitamins, Kyoto 8; 61. 1955. 
Original not available; abstracted in Chemical Abstracts 
49: 16028a. 1955. 
30. Weber, G. and Teale, F. W. J. Determination of the 
absolute quantum yield of fluorescent solutions. Faraday 
Soc. Trans. 53: 646. 1957. 
31. Harbury, Henry A., LaNoue, Kathryn F., Loach, Paul A. and 
Amick, Robert M. Molecular interaction of isoalloxazine 
derivatives. II. Nat. Acad. Sci. Proc. 45: 1708. 1959. 
32. Bowd, A. Byrom, P., Hudson, J. B. and Turnbull, J. H. 
Excited states of flavine coenzymes - III. Fluorescence 
and phosphorescence emissions. Photochem. Photobiol. 
8: 1. 1968. 
33. Ellinger, P. and Holden, M. Quenching effect of electro­
lytes on the fluorescence intensity of riboflavin and 
thiochrome. Biochem. J. 38: 147. 1944. 
125 
34. Bessey, 0. A., Lowry, O. H. and Love, R. H. The fluoro-
metric measurement of the nucleotides of riboflavin and 
their concentration in tissues. J. Biol. Chem. 180: 
755. 1949. 
35. Kurtin, William E. and Song, Pill-Soon. The nature of 
the lowest triplet configuration of flavins. Photochem. 
Photobiol. 9: 127. 1969. 
36. Steele, Richard H. A photoinduced chemiluminescence of 
riboflavin in water containing hydrogen peroxide. I. 
The primary photochemical phase. Biochemistry 2: 529. 
1963. 
37. Shiga, T. and Piette, L. H. Triplet state studies of 
flavins by electron paramagnetic resonance - I. 
Photochem. Photobiol. 3: 213. 1964. 
38. Szent-GyOrgyi, A. Bioenergetics. New York, New York, 
Academic Press, Inc. 1957. : 
39. Warwick, D. A. and Wells, C. H. J. Perturbation of 
singlet-triplet transitions in aromatic carbonyl compounds. 
Spectrochim. Acta 24A: 589. 1968. 
40. Lhoste, J. M., Haug, A. and Hemmerich, P. Electron para­
magnetic resonance studies of the triplet state of flavin 
and pteridine derivatives. Biochemistry 5: 3290. 1966. 
41. Guzzo, Anthony V. and Tollin, Gordon. Electron para­
magnetic resonance studies of riboflavin and its 
derivatives. I. The isoalloxazine semiquinones in acid. 
Arch. Biochem. Biophys. 103; 231. 1963. 
42. Song, Pill-Soon and Moore, Thomas A. Molecular-orbital 
studies of the mechanism of xanthine oxidase-catalyzed 
oxidation of purines, especially 2-chloropurine. 
Int. J. Quantum Chem. 1; 699. 1967. 
43. Song, Pill-Soon. Electronic structure and photochemistry 
of flavins. IV. Sigma-electronic structure and the 
lowest triplet configuration of a flavin. J. Phys. Chem. 
72: 536. 1968. 
44. Nathanson, B., Brody, M., Brody, S. and Broyde, S. B. 
The mechanism of the flavin sensitized photodestruction 
of indoleacetic acid. Photochem. Photobiol. 6: 177. 
1967. 
126 
45. Tether, L. R. and Tumbull, J. H. Excited states of 
flavin coenzymes. Influence of structural factors on the 
reactivity of excited flavins. Biochem. J. 85: 517. 
1962. 
46. Kozibl, Jacek and Knobloch, Eduard. The solvent effect 
on the fluorescence and light absorption of riboflavin 
and lumiflavin. Biochim. Biophys. Acta 102: 289. 1965. 
47. McClure, Donald S. Triplet-singlet transitions in 
organic molecules. Lifetime measurements of the triplet 
state. J. Chem. Phys. 17: 905. 1949. 
48. Weber, G. Fluorescence of riboflavin and flavin-adenine 
dinucleotide. Biochem. J. 47: 114. 1950. 
49. Holmstrom, Bertil. Spectral studies of the photo-
bleaching of riboflavin phosphate. Ark. Kemi 22: 281. 
1964. 
50. Strauss, George and Nickerson, Walter J. Photochemical 
cleavage of water by riboflavin. II. Role of activators. 
J. Amer. Chem. Soc. 83: 3187. 1961. 
51. Moore, William M., Spence, Jack T., Raymond, Floyd A. 
and Colson, Steven D. The photochemistry of riboflavin. 
I. The hydrogen transfer process in the anaerobic photo-
bleaching of flavins. J. Amer. Chem. Soc. 85: 3367. 
1963. 
52. Radda, G. K. and Calvin, Mel vin. Chemical and photo­
chemical reductions of flavin nucleotides and analogs. 
Biochemistry 3: 384. 1964. 
53. Treadwell, George E. Chromatographic methods: a study 
on the photolysis of flavins. Unpublished M.S. thesis. 
Ames, Iowa, Library, Iowa State University of Science 
and Technology. 1967. 
54. Kuhn, Richard und Reinemund, Karl. Uber die Synthese des 
6.7.9.-Trimethyl-flavins (Lumi-lactoflavins). Ber 67: 
1932. 1934. 
55. Kuhn, Richard, Rudy, Hermann und Reinemund, Karl. Uber 
das naturliche und das synthetische Lumi-lactoflavin. 
Ber. 68; 170. 1935. 
56. Smith, Eddie C. and Metzler, David E. The photochemical 
degradation of riboflavin. J. Amer. Chem. Soc. 85: 
3285. 1963. 
» ' 
127 
57. Pukamachi, Chiharu and Sakurai, Yoshito. On the photo-
lytic formation of 6,7-dimethylflavin-9-acetic ester 
from vitamin B2- Bitamin 7: 939. 1954. 
58. Kuhn, Richard und Rudy, Hermann. 6.7-Dimethyl-flavin-9-
essigsaure. Ber. 68: 300. 1935. 
59. Karrer, P., Salomon, H., Schopp, K., Schlittler, E. und 
Fritzsche, H. Bin neues Bestrahlungsprodukt des Lacto-
flavins: Lumichrom. Helv. Chim. Acta 17: 1010. 1934. 
60. Kiohn, Richard und Rudy, Hermann. Uber die photochemiche 
Bildung von 6.7-Dimethyl-alloxazin aus Lacto-flavin. 
Ber. 67: 1936. 1934. 
61. Hotta, K. The decomposition of riboflavin. Bitamin 8: 
248. 1955. 
62. Terao, Motome. Studies on the photolysis of riboflavin. 
Tohoku Igaku Fassi 59: 441. 1959. 
63. Song, Pill-Soon and Metzler, David E. Photochemical 
degradation of flavins - IV. Studies of the anaerobic 
photolysis of riboflavin. Photochem. Photobiol. 6: 691. 
1967. 
64. Hais, I. M. and Pecakova, Ludmila. Paper partition 
chromatography of riboflavine decomposition products. 
Nature 163: 768. 1949. 
65. Svobodova, Sylva, Hais,- Ivo M. a Kostif, Josef V. 
Papirova rozdelovacx chromatografie zplodin rozpadu 
riboflavinu IV. Vliv pH a svetla na riboflavinove 
roztoky. Chem. Listy 47: 205. 1953. 
66. Svobodovâ-Leblovâ, S., Kostîf, J. V. and Hais, I. M-
Paper partition chromatography of riboflavin decomposi­
tion products. The action of some reducing and 
oxidizing agents on riboflavin solutions. J. Chromatogr. 
14: 451. 1964. 
67. Svobodova, Sylva. Papirovâ rozdélovaci chromatografie 
zplodin rozpadu riboflavinu III. Fotolysa lumiflavinu. 
Chem. Listy 45: 225. 1951. 
6 8. Treadwell, G. E., Cairns, W. L. and Metzler, D. E. 
Photochemical degradation of flavins. V. Chromatographic 
studies of the products of photolysis of riboflavin. 
J. Chromatog. 35: 376. 1968. 
128 
69- Koziol, Jacsk, Studies on flavins in organic solvents -
II. Photodecomposition of riboflavin in the presence of 
oxygen. Photochem. Photobiol. 5: 55. 1966. 
70. Wada, Tura, Fiikai, Chiharu and Sakurai, Yoshito. Studies 
on vitamin photolysis. Part II. On vitamin B2 photo­
lysis by the methods of paper partition chromatography 
and absorption spectODhotometry. Eiyo to Shokuryo 5: 
97. 1952. 
71. Yang, Chung Shu and McCormick, Donald B. The photo­
chemical degradation of flavins as influenced by the 
length and extent of hydroxylation of the side chain. 
J. Amer. Chem. Soc. 87: 5763. 1965. 
72. McBride, Martha M. and Moore, William M. The photo­
chemistry of riboflavin - II. Polarographic studies on 
the hydroxyethyl and formylmethyl analogs of riboflavin. 
Photochem. Photobiol. 6: 103. 1967. 
73. McBride, Martha M. and Metzler, David E. Photochemical 
degradation of flavins - III. Hydroxyethyl and 
formylmethyl analogs of riboflavin. Photochem. 
Photobiol. 6: 113. 1967. 
74. Shimizu, Syoichi. Photolytic mechanism of riboflavin. 
J. Vitamino1. (Kyoto) 2: 39. 1955. 
75. Song, Pill-Soon, Smith, Eddie C and Metzler, David E. 
Photochemical degradation of flavins. II. The mechanism 
of alkaline hydrolysis of 6,7-dimethyl-9-formylmethyl-
isoalloxazine. J. Amer. Chem. Soc. 87: 4181. 1965. 
76. Wada, Turu, Sakurai, Yoshito and Nikuni, Ziro. Studies 
on vitamin Bg photolysis. Part 4. Photolysis of 
ribityl sidechain of vitamin Bg. Bitamin 6: 3. 1953. 
77. Kocent, Alexandr. Rozklad riboflavinu svetlem. I. Stepne 
produkty bocneho retezce. Chem. Listy 47: 195. 1953. 
78. Brdicka, Rudolf. Decomposition of lactoflavin by light. 
Collect. Czech. Chem. Commun. 14: 130. 1949. 
79. Sakai, Kazuo. Studies on the photolysis of riboflavin. 
Nagoya J. Med. Sci. 18: 232. 1956. 
80. Halver, Murray. The photochemistry of riboflavin and 
related compounds. J. Amer. Chem. Soc. 73: 4870. 1951. 
129 
81. Koschara, W. . Dber die Einwirkung von Licht auf Lyochrome. 
Z. Physiol. Chem. 229: 103. 1934. 
82. Karrer, P. and Meerwein, Hans F. Weitere Untersuchiind 
xiber den Lichatabbau der Flavine. Helv. Chim. Acta 
18; 1126. 1935. 
83. Karrer, P., Kobner, T., Salomon, H. und Zehender, F. 
fiber den Lichtabbau der Flavine. Helv. Chim. Acta 
18: 266. 1935. 
84. Karrer, P. und Meerwein, Hans F. Ein weiterer Beitrag 
zum Lichtabbau der Flavine. Helv. Chim. Acta 18: 480. 
1935. 
85. Karrer, P., Salomon, H., Schopp, K. und Schlittler, E. 
Synthese Lactoflavin - ahnlicher Verbindungen. Helv. 
Chim. Acta 17: 1165. 1934. 
86. Karrer, P., Schlittler, E., Pfaehler, K. und Benz, F. 
Weitere Synthesen Lactoflavin - ahnlicher Verbindungen. 
Helv. Chim. Acta 17: 1516. 1934. 
87. Ho 1mstr6m, Bertil and Oster, Gerald. Riboflavin as an 
electron donor in photochemical reactions. J. Amer. 
Chem. Soc. 83: 1867. 1961. 
88. Moore, William M. and Baylor, Charles, Jr. The 
participation of the hydroxy! group in the photobleaching 
of 9-(2'hydro2^-2'-methylpropyl)isoalloxazine. J. Amer. 
Chem. Soc. 88: 5677. 1966. 
89. Knowles, A. and Roe, E. M. F. A flash-photolysis 
investigation of flavin photosensitization of purine 
nucleotides. Photochem. Photobiol. 7: 421. 1968. 
90. Green, Maurice and Tollin, Gordon. Flash photolysis of 
flavins - I. Photoreduction in non-aqueous solvents. 
Photochem. Photobiol. 7: 129. 1968. 
91. Commoner, Barry and Lippincott, Barbara B. Light-induced 
free radicals in FMN and flavoprotein enzymes. Nat. 
Acad. Sci. Proc. 44: 1110. 1958. 
92. Song, Pill-Soon. Ultraviolet photolysis of riboflavin 
in pyridine: a preliminary study. Photochem. Photobiol. 
6: 221. 1967. 
130 
93. Kurtin, William E., Latino, Michael A. and Song, Pill-
Soon. A study of photochemistry of flavins in pyridine 
and with a donor. Photochem. Photobiol. 6: 247. 1967. 
94. Holmstrom, Bertil, A metastable intermediate in the 
anaerobic photolysis of riboflavin. Chim. Beiges Soc. 
Bull. 71: 869. 1962. 
95. Beinert, Helmut. Spectral characteristics of flavins at 
the semiquinoid oxidation level. J. Amer. Chem. Soc. 
78: 5323. 1956. 
96. Green, Maurice and Tollin, Gordon. Flash photolysis of 
flavins - II. Quenching of the photoreactions. 
Photochem. Photobiol. 7: 145. 1968. 
97. Whitby, L. G. A new method for preparing flavin-adenine 
dinucleotide. Biochem. J. 54: 437. 1953. 
98. Kostenbauder, H. B., Deluca, P. P. and Kowarski, C. R. 
Photobinding and photoreactivity of riboflavin in the 
presence of macromolecules. J. Pharm. Sci. 54: 1243. 
1965. 
99. Warburg, Otto und Christian, Walter. Uber das neue 
Oxydationsferment. Naturwissenschaften 20: 980. 1932. 
100. Yamazaki, R. K. and Tolbert, N. E. Photoreactions of 
flavin mononucleotide and a flavoprotein with zwitterionic 
buffers. Biochim. Biophys. Acta 197: 90. 1970. 
101. Wada, Turu and Sakurai, Yoshito. Studies on vitamin 
(riboflavin) photolysis. Part I. On the inhibiting 
substances of vitamin B, photolysis. Eiyo to Shokuryo 
5: 12. 1952. 
102. Farrer, K. t. H. and MacEwan, J. L. The thermal 
destruction of riboflavins. Aust. J. Biol. Sci. 7: 73. 
1954. 
103. Shimizu, Shoichi. Physiochemical properties of ribo­
flavin. III. The heat stability of riboflavin in water 
solution. J. Fermentation Technol. 28: 399. 1950. 
Original unavailable; abstracted in Chemical Abstracts 
47: 1755h. 1953. 
104. Gutfreund, H. The reactions of reduced flavine 
nucleotides with oxygen. Biochem. J. 74: 17P. 1960. 
131 
105. Massey, V., Strickland, S., Mayhew, S. G., Howell, L. G., 
Engel, P. C., Matthews, R. G., Schuman, M. and Sullivan, 
P. A. The production of superoxide anion radicals in the 
reaction of reduced flavins and flavoproteins with 
molecular oxygen. Biochem. Biophys. Res. Commun. 36; 
891. 1969. 
106. Ballou, David, Palmer, Graham and Massey, Vincent. 
Direct demonstration of superoxide anion production 
during the oxidation of reduced flavin and of its 
catalytic decomposition by erythrocuprein. Biochem. 
Biophys. Res. Commun. 36; 89 8. 1969. 
107. Massey, Vincent, Muller, Franz, Feldberg, Ross, Schuman, 
Marily, Sullivan, Patrick A., Howell, Larry G., Mayhew, 
Stephen G., Matthews, Rowena G. and Foust, Gordon P. 
The reactivity of flavoproteins with sulfite. Possible 
relevance to the problem of oxygen reactivity. J. Biol. 
Chem. 244; 3999. 1969. 
108. Muller, Franz. On the reaction of flavins with alcohols. 
In Kamin, H., ed. Flavins and flavoproteins. Baltimore, 
Maryland, University Park Press. 1970. 
109. Hemmerich, P., Massey, V. and Weber, G. Photo-induced 
benzyl substitution of flavins by phenylacetate; a pos­
sible model for flavoprotein catalysis. Nature 213; 
728. 1967. 
110. MacFadyen, Douglas A. Estimation of formaldehyde in 
biological mixtures. J. Biol. Chem. 158; 107. 1945. 
111. Koziolowa, A. and Koziol J. A new method of isolation 
of natural flavins using phenol-type resins. J. 
Chromatogr. 34; 216. 1968. 
112. Bray, George A. A simple efficient liquid scintillator 
for counting aqueous solutions in a liquid scintillation 
counter. Anal. Biochem. 1; 279. 1960. 
113. Media for the microbiological assay of vitamins and amino 
acids. Detroit, Michigan, Difco Laboratories. 1964. 
114. Muller, F., Massey, V., Heizmann, C., Hemmerich, P., 
Lhoste, J. M. and Gould, D. C. The reduction of flavins 
by borohydride; 3,4-dihydroflavin. Structure, absorp­
tion and luminescence. Eur. J. Biochem. 9; 392. 1969-
115. Abercrombie, M. J. and Jones, J. K. N. The reaction of 
sodium metaperiodate with some nitrogen derivatives of 
carbohydrates- Can. J- Chem. 38; 308. 1960. 
132 
116. Nijenhuis, B. Te and Berends, W. Photochemical 
aromatic hydroxylation of flavins under anaerobic 
conditions. Photochem. Photobiol. 6; 491. 1967. 
117. Antoniani, C., Federico, L. and Artom, A. Sulla 
bioossidazione della lattoflavina. Acta Vitaminol. 
(Milan) 5; 145. 1951. 
118. Antoniani, C. and Federico, L. L'ossidazione della 
catena ribitilica della riboflavina per opera 
dell'Acetobacter aceti. Milan. Universita. Facolto di 
agraria. Annali. 1: 7. 1952. Original available, but 
not translated; abstracted in Chemical Abstracts 48: 
7699h. 1954. 
119. Freidlina, R. Kh. Rearrangement of radicals in 
solution. In Williams, G. H. Advances in free-radical 
chemistry. Vol. 1. P. 211. New York, New York, 
Academic Press, Inc. 1965. 
120. Weatherby, Gerald D. and Carr, Daniel 0. Riboflavin-
catalyzed photooxidative decarboxylation of 
dihydrophthalates. Biochemistry 9: 344. 1970. 
121. Michaelis, Leonor, Schubert, Maxwell P. and Smythe, C. V. 
Potentiometric study of the flavins. J. Biol. Chem. 
116: 587. 1936. 
122. Kuhn, Richard und Moruzzi, Giovanni. Uber die 
Dissoziations Ronstanten der Flavine; pH-Abhangigkeit 
der Fluorescenz. Ber. 67: 888. 1934. 
133 
acknowledgments 
It is with sincere pleasure that I can now formally 
thank those individuals who have contributed in one form or 
another to ity graduate education. 
Firstly, my gratitude is extended to Dr. Metz1er, who 
while allowing me to tackle my particular research problem 
with minimal direction from himself, was always willing and 
able to offer suggestions whenever advice was sought. It has 
been more valuable for me to have planned my own research, 
experienced by own self-created frustrations, and taken satis­
faction in my own minor successes than it would have been to 
have spent four years of highly efficient but supervised 
research. 
Secondly, I am obliged to iiy faculty instructors and com­
mittee who have given me advice, encouragement, enlightenment, 
inspiration, and perhaps even occasionally frustration and 
disappointment. I have learned from them all - although not 
always what was being taught. 
Special thanks goes to my fellow graduate students, 
especially George Treadwell and Tom Fisher who have generously 
passed on to me some of their laboratory experience, and to 
Dr. Jacek Koziol, my roommate during my last year with whom I 
had some fruitful discussions. I would also like to gratefully 
acknowledge the technical assistance of Miss Erika Rommel in 
134 
carrying out some of the more than one thousand chromato-
graphings that were involved in this work. 
Finally, I am most appreciative for the encouragement 
offered by my parents throughout the years of my formal 
education. 
